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Forest fires are a major factor of disturbance in many terrestrial ecosystems, 
especially in European areas under Mediterranean type of climate. This is due to 
the confluence of specific climatic, ecological and socio-economic conditions. Fire 
produces important changes in soil organic matter (SOM) both qualitatively and 
quantitatively, which, in turn, affect relevant physical, chemical and biological 
properties of the soil. These changes also affect a large number of related biotic 
and abiotic factors and processes. 
The main objective of this PhD Thesis is to deepen the knowledge of the impact of 
forest fires on SOM in relation to changes in soil water repellency, using advanced 
techniques of molecular analysis. Due to the high number of variables that may 
influence soil water repellency and the chemical alteration of organic matter after 
fire, we chose the sandy soils of the Doñana National Park for this study, with well-
known and relatively simple composition. In any case, we have followed the 
classical scheme of comparison of burnt soils with unaffected soils (control), under 
the same geomorphological and climatic characteristics. 
Water repellency is one of the main edaphic properties affected by forest fires. This 
physical property reduces the affinity of soil for water, which carries important 
hydrological, geomorphological and ecological consequences. Fire-induced 
changes of soil water repellency can be due to numerous factors, although it is 
generally accepted that the alteration of SOM and, in particular, of its more labile 
fraction (lipid fraction) is the main variable involved in this process. 
Due to their environmental implications, there are currently countless works on the 
effects of fire on SOM and water repellency, which are reviewed in chapter 1. 
However, the current state of knowledge shows some gaps and aspects 
insufficiently studied, due either to the complexity of the soil system or to the lack 
of adequate analytical techniques. 
Numerous scientific studies indicate that both the type of vegetation and the 
chemical composition of SOM strongly influence soil water repellency. These 
studies have focused mainly on the study of complete soils both at the surface and 
at different depths. However, available information on the influence of organic 
matter and vegetation on the degree of hydrophobicity of different soil physical 
fractions is limited. This aspect is studied in detail in chapter 3. In particular, the 
relation between soils under different vegetation cover, dominated by cork oaks 
(Quercus suber), eagle fern (Pteridium aquilinum), pine (Pinus pinea) and rockrose 
(Halimium halimifolium), the amount and quality of organic matter, and water 
repellency in four particle sieve fractions (1-2, 0.25-1, 0.05-0.25 and <0.05 mm). We 
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observed that the degree of water repellency was significantly different, both 
among soils under different vegetation cover and among different sieve fractions, 
with soils under cork oak showing the highest severity of water repellency. In 
addition, we found a clear relation between the amount of SOM and the degree of 
water repellency. On the other hand, the molecular analysis of the organic matter 
from sieve fractions by analytical pyrolysis techniques let us find a relation between 
the quality of MOS and soil water repellency, the presence of long-chained fatty 
acids and the degree of humification (evolution) of SOM in the different fractions. 
The impact of fire on water repellency and SOM was studied especially in soils 
under cork oaks, due to the greater organic contribution of this type of vegetation, 
the severe soil water repellency and its pyrophilic character. For the most detailed 
study, the number of studied sieve fractions was expanded to 6 (1-2, 0.5-1, 0.25-
0.5, 0.1-0.25, 0.05-0.1 and <0.05 mm), including also the complete sample. It is 
known that impacts caused by forest fires on soils are related to changes in SOM. 
Fire favors the modification or formation of new chemical structures, besides 
contributing to mass outputs and inputs, such as the contribution of fresh biomass 
or more or less carbonized residues. This idea has predominated in the focus of a 
great number of research works, which have aimed to the study of complete soils 
or some of their horizons. However, the knowledge about the effect of fire on soil 
granulometric fractions is little known and that is why we consider some relevant 
questions, such as i) does the chemical composition of organic matter from 
different sieve fractions vary?, ii) does fire cause the same impact on all fractions?, 
or iii) what chemical reactions does fire induce in the different particle size 
fractions? In chapters 4, 5 and 6, we try to give answers to these questions, by 
means of detailed studies of the molecular composition of the organic matter 
present in the different fractions. With this aim, we used advanced analytical 
techniques such as mass spectrometry of isotopic relations of carbon and hydrogen 
(13C and 2H, respectively) (chapter 4), analytical pyrolysis (chapter 5) and ultra-high 
resolution mass spectrometry (chapter 6). 
The study of the isotopic composition of 13C confirms the existence of two 
compartments of organic matter with different degrees of evolution. The larger 
sieve fractions contain slightly evolved organic matter, impoverished in 13C and with 
δ13C values not different from leaf biomass, while finer fractions showed a more 
evolved organic material, enriched in 13C. Fire produced no changes in this trend, 
although an increase in the 13C content was observed in all affected fractions. This 
process may be explained by selective removal of light compounds (lower 13C 
content) or incorporation of charred residues. The study of the isotopic 
composition of 2H showed the existence of two differentiated water compartments 
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in the upper centimeters of soil and dependent on the size of particles. No 
homogeneous behavior of the 2H composition after the fire was observed. 
The results obtained stimulated a more detailed study (chapters 5 and 6) of the 
molecular composition of SOM and the different reaction mechanisms induced by 
fire, focusing now on the fractions of larger (1-2 mm) and finer (<0.05 mm) sizes. 
For this, graphical tools such as the van Krevelen and Kendrick mass diagrams were 
used, as well as different indices or geochemical proportions (namely, the index of 
preferred carbon of short- and long-chained alkanes ratio, C<24/C≥24. The analysis of 
the SOM composition confirmed the existence of two different compartments of 
organic carbon in the first centimeters of soil with a different contribution of fire. 
In the larger fraction (1-2 mm), influenced by lignocellulosic material, fire produced 
a removal of lipid compounds and an increase of aromatics, with relatively high 
contribution of lignin-derived material. This may be due to a posteriori input of 
partially burnt material. On the other hand, humic compounds from the finer 
fraction, mostly formed by lipid and protein compounds, did not show significant 
variations after fire. However, an increase in exogenous pyromorphic compounds, 
such as polycyclic aromatic hydrocarbons (PAH), was detected along with a relative 
increase of lignin-derived substances. The different molecular composition of 
studied fractions showed that fire induces different reactions depending on the 
quality of SOM. Variations in the preferential carbon index and in the proportion of 
long-chained alkanes aims to the existence of thermal cracking processes. In turn, 
fire-induced condensation contributed to the increased aromaticity of SOM. 
However, fire favored reduction reactions in the larger sieve fraction, with a 
decrease in the atomic O/C ratio but not affecting the H/C ratio. Therefore, it is 
possible that fire altered the outermost and accessible areas of the organic 
macromolecules, removing functional groups contaning oxygen but not altering the 
main molecular structures. 
Different scientific studies have highlighted an association between soil water 
repellency and SOM quality, particularly to the proportion and composition of 
certain lipid compounds. Chapter 7 aims to the study of the impact of fire on the 
lipid composition of organic matter from different sieve fractions of sandy soils 
under cork oaks and its relation with the changes in the degree of soil water 
repellency, using quantitative chromatographic techniques. The main results 
showed that the severity of water repellency in different sieve fractions varied 
significantly (p <0.05) after a fire. As observed in Chapter 3, we observed a relation 
between SOM quantity and quality and water repellency in burnt soils. The analysis 
of the lipid composition (acid and neutral compounds) confirmed the existence of 
two compartments of soil organic carbon, with fire causing different alterations in 
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each of them. The proportion of long-chained faty acids increased in all burnt 
fractions except for the largest one (1-2 mm). This suggests the existence of a 
contribution of partially burnt material with a relatively high contribution of 
compounds derived from small-sized fatty acids, so confirming the exogenous 
contribution of charred cork residues. The decrease in both the quantity and the 
length of organic acid chains in the burnt larger sieve fraction confirms the 
existence of a thermal breakdown reaction. This cracking has also been observed 
in the n-alkane series. 
Finally, the comparative analysis of soil water repellency and related variables 
shows that water repellency depends on both the quantity and the quality of SOM 
and is strongly related to the presence of long-chained fatty acids. These may be 
considered as surrogate biomarkers of hydrophobicity in sandy soils. 
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Los incendios forestales son un factor de perturbación importante en muchos 
ecosistemas terrestres, especialmente en las zonas europeas de clima 
Mediterráneo. Esto se debe a la confluencia de condiciones climáticas, ecológicas y 
socio-económicas específicas. El fuego produce cambios importantes en la materia 
orgánica del suelo (MOS) tanto a nivel cualitativo como cuantitativo, que afectan, 
a su vez, a propiedades físicas, químicas y biológicas relevantes del suelo. Estos 
cambios afectan también a un gran número de factores y procesos bióticos y 
abióticos relacionados entre sí.  
El principal objetivo de esta Tesis Doctoral es el de profundizar en el conocimiento 
del impacto de los incendios forestales sobre la MOS en relación con los cambios 
en la repelencia al agua del suelo, empleando para ello técnicas avanzadas de 
análisis molecular. Debido al elevado número de variables que pueden influir en la 
repelencia al agua del suelo y la alteración química de la materia orgánica tras el 
fuego, para este estudio se eligieron los suelos arenosos del Parque Nacional de 
Doñana, suelos bien conocidos y poco complejos. En todo caso, para conocer el 
efecto del fuego, se ha seguido el esquema clásico de comparación de suelos 
quemados con suelos no afectados (control), de idénticas características 
geomorfológicas y climáticas. 
La repelencia al agua es una de las principales propiedades edáficas afectadas por 
los incendios forestales. Esta propiedad física reduce la afinidad del suelo por el 
agua, lo que conlleva importantes consecuencias hidrológicas, geomorfológicas y 
ecológicas en los ecosistemas terrestres. Los cambios inducidos por el fuego sobre 
esta propiedad pueden deberse a numerosos factores, aunque se admite que la 
principal variable implicada es la alteración que produce en la MOS, y en particular 
en su fracción más lábil (fracción lipídica) que tiene un marcado carácter 
hidrofóbico. 
Debido a sus implicaciones medioambientales, actualmente existen innumerables 
trabajos sobre los efectos del fuego en la MOS y la repelencia al agua, que se revisan 
en el capítulo 1. Sin embargo, el estado actual del conocimiento muestra algunas 
lagunas y aspectos insuficientemente estudiados, bien debido a la complejidad 
inherente al sistema suelo o bien por la falta de técnicas analíticas adecuadas. 
Numerosos trabajos científicos indican que tanto el tipo de vegetación, como la 
composición química de la MOS influyen marcadamente sobre la repelencia al agua 
en el suelo. Estos trabajos se han centrado principalmente en el estudio de suelos 
completos tanto en superficie como a diferentes profundidades. Sin embargo, la 
información existente sobre la influencia de la materia orgánica y la vegetación en 
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el grado de hidrofobicidad de diferentes fracciones físicas del suelo es limitado. Este 
aspecto se estudia en detalle en el capítulo 3. En concreto se estudia la relación 
entre suelos bajo diferentes cubiertas vegetales, dominadas por alcornoques 
(Quercus suber), helecho águila (Pteridium aquilinum), pino piñonero (Pinus pinea) 
y jaguarzo (Halimium halimifolium), la cantidad y calidad de la materia orgánica, y 
la repelencia al agua en cuatro fracciones de tamaño de partículas (1-2, 0.25-1, 
0.05-0.25 y <0.05 mm). Observamos que el grado de hidrofobicidad era 
significativamente diferente, tanto entre los suelos bajo diferente cubierta vegetal 
como entre las distintas fracciones granulométricas, siendo las pertenecientes a los 
suelos bajo alcornoque las que presentaron mayor severidad de repelencia al agua. 
Además se demuestra una relación entre la cantidad de MOS y el grado de 
repelencia al agua. Por otro lado, el análisis molecular de la materia orgánica de las 
fracciones mediante técnicas de pirólisis analítica mostró que existe una relación 
entre la calidad de MOS y la hidrofobicidad, la presencia de ácidos grasos de cadena 
larga y el grado de humificación (evolución) de la MOS en las diferentes fracciones. 
El impacto del fuego sobre la repelencia al agua y la MOS se estudió especialmente 
bajo alcornocal, debido al mayor aporte orgánico de este tipo de vegetación al 
suelo, a la severa repelencia al agua que se presenta y a su carácter de especie 
pirófila. Para la realización de este estudio más detallado se amplió a 6 el número 
de fracciones de suelo (1-2, 0.5-1, 0.25-0.5, 0.1-0.25, 0.05-0.1 y <0.05 mm), 
incluyendo también la muestra completa. Se sabe que los incendios forestales 
causan impactos ambientales en los suelos y que estos tienen relación con 
modificaciones en la MOS. El fuego favorece la modificación o la formación de 
nuevas estructuras químicas, además de contribuir a pérdidas o ganancias de masa, 
tales como el aporte de biomasa fresca o más o menos carbonizada. Esta idea ha 
predominado en el enfoque de un gran número de trabajos de investigación, que 
se han centrado principalmente en el estudio de suelos completos o de algunos de 
sus horizontes. Sin embargo los conocimientos sobre el efecto del fuego en sus 
fracciones granulométricas son poco conocidos y es por ello que consideramos 
relevante dar respuesta a preguntas tales como i) ¿Tiene la misma composición 
química la materia orgánica presente en las diferentes fracciones de suelo? ii) 
¿Ejerce el fuego el mismo impacto en cada una de las fracciones? o iii) ¿Qué tipo de 
reacciones químicas induce el fuego en las diferentes fracciones de suelo? En los 
capítulos 4, 5 y 6 se plantea dar respuestas a estas preguntas, mediante estudios 
detallados de la composición molecular de la materia orgánica presente en las 
diferentes fracciones. Para ello utilizamos técnicas analíticas avanzadas como la 
espectrometría de masas de relaciones isotópicas de carbono e hidrógeno (13C y 2H, 
respectivamente) (capítulo 4), pirólisis analítica (capítulo 5) y la espectrometría de 
masas de resolución ultra-alta (capítulo 6). 
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El estudio de la composición isotópica de 13C confirma la existencia de dos 
compartimentos de materia orgánica con diferentes grados de evolución. Las 
fracciones más gruesas contienen materia orgánica poco evolucionada, 
empobrecida en 13C y con valores de δ13C similares a la biomasa foliar, mientras que 
las fracciones finas mostraron una materia orgánica más evolucionada, enriquecida 
en 13C. El fuego no produjo cambios en dicha tendencia, aunque sí se observó un 
aumento del contenido de 13C en todas las fracciones afectadas. Esto puede 
atribuirse a una eliminación selectiva de compuestos ligeros (menor contenido de 
13C) o a la incorporación de material parcialmente quemado. El estudio de la 
composición isotópica de 2H mostró la existencia de dos compartimentos 
diferenciados de agua en los primeros centímetros del suelo y dependientes del 
tamaño de partículas. No se observó un comportamiento homogéneo de la 
composición de 2H tras el fuego. 
Los resultados obtenidos incentivaron la realización de un estudio más detallado 
(capítulos 5 y 6) de composición molecular de la materia orgánica y sobre los 
diferentes mecanismos de reacción inducidos por el fuego, centrando ahora la 
atención en las fracciones de tamaño más grueso (1-2 mm) y más fino (<0.05 mm). 
Para ello, se usaron herramientas de interpretación gráfica como los diagramas de 
van Krevelen y masa de Kendrick, así como el uso de diferentes índices o 
proporciones geoquímicas (tales como: el índice de carbono preferente de alcanos 
de cadena larga, C>24, y el ratio alcanos de cadena corta/larga, C<24/C≥24). El análisis 
de la composición de la materia orgánica confirmó, de nuevo, la existencia de dos 
compartimentos bien diferenciados de carbono orgánico en los primeros 
centímetros del suelo y demostró que el fuego influye de manera diferente sobre 
cada compartimento. En la fracción más gruesa (1-2 mm), influenciada por material 
lignocelulósico, el fuego produjo una eliminación de compuestos lipídicos y un 
aumento de aromáticos, con relativa alta contribución de material derivado de 
lignina. Esto puede deberse a una aportación a posteriori a esta fracción de material 
parcialmente quemado. Por su parte, la materia orgánica más humificada presente 
en la fracción fina y constituida principalmente por compuestos lipídicos y 
proteicos, no mostró una variación significativa tras el fuego. Sin embargo, sí se 
detectó un incremento de compuestos piromórficos de origen exógeno, como 
hidrocarburos policíclicos aromáticos (HPA), junto con un aumento relativo de 
derivados de lignina. La diferencia en la composición molecular entre las fracciones 
estudiadas indicó que el fuego induce reacciones diferentes dependiendo de la 
calidad de la MOS presente. Las variaciones en el índice de carbono preferente y en 
la proporción de alcanos de cadena larga apuntan hacia la existencia de procesos 
de rotura térmica (craqueo). A su vez, el fuego indujo reacciones de condensación, 
aumentando el grado de aromaticidad de la MOS. Sin embargo, en la fracción más 
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gruesa, el fuego favoreció reacciones de reducción, observándose una disminución 
de la proporción atómica O/C sin alteración de la proporción H/C. Por lo tanto, es 
posible que el fuego alterase las zonas más externas y accesibles de las 
macromoléculas orgánicas, eliminando grupos funcionales que contienen oxígeno 
pero sin alterar las estructuras moleculares principales.  
En otros trabajos científicos se ha relacionado la repelencia al agua en el suelo con 
la calidad, y en especial con la proporción y composición de determinados 
compuestos lipídicos. El capítulo 7 aborda el estudio del efecto del fuego sobre la 
composición lipídica, mediante técnicas cromatográficas cuantitativas, de la 
materia orgánica presente en las diferentes fracciones de un suelo arenoso bajo 
alcornoque y su relación con los cambios en el grado de la repelencia al agua en el 
suelo. Los principales resultados mostraron que, después de un incendio, el grado 
de repelencia al agua en cada una de las fracciones de suelo estudiadas varió 
significativamente (p<0.05). Al igual que se observó en el capítulo 3, se obtuvo una 
relación entre la cantidad y calidad de la MOS y la repelencia al agua en el suelo sin 
quemar. El análisis de la composición lipídica, dividida en compuestos ácidos y 
neutros, confirmó la existencia de dos compartimentos de carbono orgánico en el 
suelo y que el fuego provoca alteraciones diferentes en cada una de ellas. Después 
del fuego, en todas las fracciones quemadas a excepción de la más gruesa (1-2 mm), 
los ácidos grasos de cadena larga aumentaron. Este hecho sugiere la existencia de 
un aporte de material parcialmente quemado con una contribución relativamente 
alta de compuestos derivados de ácidos grasos de pequeño tamaño, lo que 
confirma la aportación exógena de material parcialmente calcinado derivado de la 
suberina del corcho. La disminución tanto de la cantidad como de la longitud de las 
cadenas ácidas en la fracción más gruesa quemada vuelve a confirmar la existencia 
de una reacción de rotura térmica producida por el fuego. Este craqueo se ha 
observado también en las series de n-alcanos. 
Finalmente, el análisis comparativo de la repelencia al agua en el suelo con respecto 
a las diferentes variables estudiadas, señala que la repelencia al agua depende 
tanto de la cantidad como de la calidad de la materia orgánica, y que está 
particularmente relacionada con la presencia de ácidos grasos de cadena larga, 
pudiéndose considerar como biomarcadores subrogados de la hidrofobicida en 
suelos arenosos. 
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1.1 INCIDENCIA DE LOS INCENDIOS FORESTALES EN LOS ECOSISTEMAS 
Los incendios forestales constituyen un factor ecológico de gran importancia para 
la productividad y preservación de los ecosistemas terrestres, y pueden ser clave 
en la composición, tipo y salud de los mismos (Richardson, 1998). El fuego afecta a 
la funcionalidad de los ecosistemas terrestres jugando un papel importante en su 
evolución y organización mediante la regulación de su biodiversidad y estructura 
vegetativa (Skarpe, 1992; Beringer et al., 2007).  
La organización de las Naciones Unidas para la Alimentación y la Agricultura (FAO) 
ha estimado que en todo el mundo se queman anualmente entre 300 y 400 
millones de hectáreas de terreno, tanto forestal como agrícola (FAO, 2013), por lo 
que los incendios forestales son considerados como uno de los problemas 
medioambientales más graves a nivel global. La eliminación o alteración de la fauna 
y flora de un ecosistema, así como el daño producido sobre los seres humanos 
hacen que el fuego sea catalogado como amenaza. Para contrarrestar estos 
impactos negativos se han diseñado políticas que tienen como objetivo final la 
supresión total de los eventos de fuego. Sin embargo, esta virtual supresión podría 
tener consecuencias devastadoras para el ecosistema, ya que conduciría a la 
acumulación de combustible (biomasa vegetal) en cantidades anormalmente 
elevadas, quedando el escenario expuesto a la existencia de fuegos de carácter 
explosivo, mucho más agresivos y dañinos (Stephens et al., 2009; Sampson et al., 
1995). Por tanto, puede afirmarse que el fuego también juega un papel positivo 
dentro de los ecosistemas forestales y agrícolas. Según Stephens et al. (2009), el 
carácter natural de la presencia de fuegos en los ecosistemas, conforma y mantiene 
las estructuras forestales, facilitando el restablecimiento en la sucesión de 
comunidades. Otro efecto positivo importante es el carácter fertilizador que tiene 
el fuego, ya que la quema de los desechos de plantas y forraje permite la liberación 
rápida en el suelo de nutrientes esenciales, facilitando su disponibilidad para las 
plantas y microorganismos (Neary et al., 1999). Por ello, el uso del fuego en 
manejos agrícolas se ha revelado a veces como una herramienta de gran utilidad 
para la obtención de una mayor producción agrícola sin la necesidad de añadir 
grandes cantidades de fertilizantes inorgánicos, que pueden provocar la 
contaminación de acuíferos (Certini, 2014). De hecho, El ser humano ha usado el 
fuego desde hace más de mil años para actividades agrícolas y ganaderas, como 
pueden ser el manejo de la vegetación, limpieza de paisajes, etc. (De Celis et al., 
2014; Swetnam et al., 2016), hasta el punto de que la historia del fuego, y su uso, 
está intrínsecamente asociada a la historia de la humanidad y su adaptación al 
fuego. Caldararo (2002) revisó las relaciones existentes entre las actividades 
humanas y los incendios forestales, concluyendo que la actual frecuencia de los 
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incendios es una consecuencia directa del manejo forestal por parte del hombre. 
Pyne (2001) sostiene el hecho de que los fuegos se comportan como una parte del 
ecosistema terrestre y tienen un determinado papel en la estructura de los paisajes 
asociados con las diferentes sociedades humanas. 
Más del 95% de los incendios del planeta son provocados directamente por los 
seres humanos, y por ello se concentran principalmente en zonas con una alta 
densidad de población, tales como Europa y Asia (San-Miguel-Ayanz et al., 2013, 
Page y Hooijer, 2016). El 5% restante son debidos a causas naturales, 
principalmente fenómenos meteorológicos como la caída de rayos. Actualmente se 
está constatando un incremento en el número y frecuencia de incendios, así como 
de su grado de intensidad o virulencia, que se asocia a cambios climáticos 
acelerados por la acción del ser humano en diferentes ecosistemas (Westerling, 
2016), y existen predicciones sobre el aumento de manera exponencial de esta 
tendencia en un futuro próximo (Pechony y Shindell, 2010). 
Entre las regiones del mundo más afectadas por los incendios forestales (obviando 
los trópicos) se encuentran las influenciadas por el clima Mediterráneo (Figura 1) 
(Lasheras-Álvarez et al., 2013). Almendros y González-Vila (2012) describieron en 
una reciente revisión las características que presentan los ecosistemas 
Mediterráneos para ser tan propensos a sufrir episodios recurrentes de incendios 
forestales. En todos ellos es común la existencia de una estación 
predominantemente seca y cálida, con un marcado déficit de agua en el suelo, junto 
con una vegetación adaptada a los incendios forestales (pirófilas) y una estacional 
actividad microbiana. Otras características, que favorecen la aparición de incendios 
en climas Mediterráneos tienen un marcado carácter socio-económico (antrópico), 
destacando: i) el abandono del medio rural y forestal y ii) la intencionalidad de los 
incendios, debido a disputas territoriales o a intentos de cambio de uso 
(desforestación, clareado) por razones económicas (urbanizaciones, implantación 
de nuevos cultivos, entre otras). 
Los ecosistemas Mediterráneos tienen una gran importancia ecológica y económica 
debido a la enorme biodiversidad de fauna y flora que existen en ellos. España, uno 
de los países Mediterráneos más castigados por los incendios forestales, presenta 
una tasa de incendio de más de 20.000 incidentes solamente en áreas forestales, 
siendo sólo el 1% de origen natural. La Figura 2 muestra la evolución del número 
de incendios y la superficie afectada en España entre 1960 y 2016. 
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En el caso concreto de Andalucía, el número de incendios aumentó entre 2010 y 
2012, año en que se registró el máximo número de incendios (más de 800). Desde 
2012 hasta 2015, el número de incendios se ha mantenido relativamente constante 
alrededor de los 800 eventos (Figura 3). Con respecto al área total afectada, desde 
2010 a 2015, se muestra como ha habido dos períodos de crecimiento y uno de 
disminución.  
1.2 CARACTERÍSTICAS DEL FUEGO ASOCIADO A LOS INCENDIOS FORESTALES 
El fuego es la manifestación visual del proceso físico-químico conocido como 
combustión. Para que ocurra en la naturaleza, esta reacción o proceso necesita una 
fuente de energía química (combustible), energía térmica (calor a partir de la fuente 
de ignición), y oxígeno (O2). Estos tres componentes están relacionados mediante 
un símbolo denominado “Triángulo de Fuego” (Fitzgerald, 2005). Actualmente este 
símbolo ha sido actualizado al añadirse un nuevo componente o factor, 
denominado “Reacción en Cadena”, con lo cual se ha pasado a usar el símbolo 
“Tetraedro de Fuego” (Figura 4). Cualquiera de los cuatro componentes puede 
actuar como limitante de la velocidad de reacción (combustión), llegándose incluso 
a la no producción de fuego en ausencia de alguno de ellos. Según DeBano et al. 
(1998) el fuego tienden a presentar las siguientes cinco fases: 1) pre-ignición, 2) 
combustión de llama, 3) combustión subterránea, 4) combustión brillante y 5) 
extinción o finalización de la combustión. La primera fase (pre-ignición) consiste en 
el calentamiento del combustible y la descomposición térmica inducida por éste. 
Las fases de combustión (de llama, subterránea y brillante) producen la liberación 
de energía térmica (calor), gases de combustión, principalmente CO2, CO, H2O, NOx, 
SO2, compuestos orgánicos volátiles e inflamables y material particulado (Pyne et 
al., 1996).  
La llama producida en la combustión es el aspecto más visible del fuego. La duración 
de la llama y la transferencia de calor son altamente variables, siendo así sus efectos 
sobre los ecosistemas. La quema subterránea normalmente sigue a la combustión 
de llama y se caracteriza por la disminución de la velocidad de propagación, 
temperatura y flujo de calor. Las temperaturas alcanzadas en esta combustión 
oscilan dentro de un amplio rango que va desde los 300 hasta los 600 oC. 
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Figura 2. Evolución del número de incendios forestales y áreas afectadas en 
España entre 1960 y 2016. Fuente: Ministerio de Agricultura y pesca, alimentación 
y medio ambiente (MAPAMA), Gobierno de España. 
 
 
Figura 3. Evolución del número de incendios forestales y áreas afectadas en 
Andalucía entre 1960 y 2016. Fuente: Consejería de Medio Ambiente. Junta de 
Andalucía. 
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Esta etapa tiene una velocidad de propagación lenta (<3 cm h-1), produciendo un 
mayor efecto del fuego sobre los ecosistemas, aunque en un área de reducido 
tamaño. La fase final de la combustión, la denominada brillante, consiste en la 
oxidación lenta de los residuos previamente calcinados por las otras dos fases de 
combustión. Esta fase puede persistir activa durante largos períodos de tiempo, 
produciendo temperaturas relativamente elevadas del rango de 400 a 760 oC. 
Dos conceptos básicos para clasificar los fuegos son los de intensidad y severidad. 
El primer concepto, intensidad, se define como la proporción de energía liberada 
por el combustible al medio, mientras la severidad se usa para caracterizar los 
efectos de los fuegos sobre los diferentes “entes integradores” de un ecosistema, 
tales como suelo, agua, flora y fauna, atmósfera y sociedad (DeBano et al., 1998; 
Ubeda y Outeiro, 2009). Ambos conceptos están influenciados tanto directa como 
indirectamente por un gran número de variables medioambientales y antrópicas, 
destacando entre ellas la carga y composición química del combustible (biomasa), 
la humedad de éste, las condiciones climáticas del ecosistema, y la temperatura 
inicial de la combustión (ej. Certini, 2005; De la Rosa et al., 2008a). A su vez, 
variables topográficas o geomorfológicas también influyen en la intensidad y 
severidad del fuego, destacando la pendiente y el grado de exposición solar.  
La severidad del fuego puede ser clasificada como baja, moderada o alta. Fuegos 
de baja severidad se caracterizan por la conservación de árboles con biomasa foliar 
mayoritariamente intacta, mostrando cierto grado de carbonización de los 
desechos vegetales, mientras permanece intacta la capa orgánica del suelo (Ryan y 
Noste, 1985; Keeley, 2009). La temperatura alcanzada en este tipo de incendios no 
excede de 100 oC cerca de la superficie del suelo, reduciéndose a la mitad (50 oC) a 
una profundidad de 5 cm (Granged et al., 2011a; Badía et al., 2014a). Por otro lado, 
los incendios de intensidad moderada presentan, como efectos, la preservación de 
algunos árboles (individuales) con copas muertas (quemadas), sin observase una 
consumición de las ramas. Además todas las plantas del sotobosque se queman o 
consumen, incluso las ramitas finas presentes en el suelo; los troncos aparecen en 
algunos casos carbonizados; y, la capa de material orgánico en el suelo presenta un 
grado de alteración relativamente elevado. En estos casos, las temperaturas 
alcanzadas en la superficie van desde los 250 oC a los 500 oC. Por último, los 
incendios de alta severidad muestran signos comprendidos entre los de baja y 
moderada intensidad. No obstante, también provocan la muerte de árboles, junto 
con la eliminación de todo residuo vegetal y de materia orgánica presente en las 
capas de suelo, depositando sobre el suelo cenizas blancas y material orgánico 
quemado a lo largo de varios cm (Keeley, 2009). La temperatura de estos incendios  
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Figura 4. Factores implicados en la aparición del fuego. 
 
puede rondar los 850 oC en la superficie (Janzen y Tobin-Janzen, 2008), pero no 
superan los 150 oC, a 5 cm de profundidad, ya que el suelo es considerado un buen 
aislante térmico siempre que esté seco (DeBano et al., 1979). 
1.3 IMPACTO DE LOS INCENDIOS FORESTALES SOBRE EL SUELO 
Uno de los componentes ecosistémicos más sensibles a la influencia de los 
incendios forestales es el suelo (Neary et al., 1999). Tradicionalmente, los suelos se 
definen como cuerpos evolutivos naturales que presentan una serie de funciones 
reguladoras dentro de los ecosistemas y el entorno global (FAO, 2011). El suelo es 
considerado como la “piel viva” de la Tierra (Logan, 1985), y juega un papel crucial 
como soporte de las formas de vida sobre la superficie terrestre, incluyendo a la 
humanidad. El suelo es esencial para el crecimiento de la vegetación terrestre, y 
por tanto, para el desarrollo de los ecosistemas agrícolas (Lal, 2015; Pyne, 2016). 
Los suelos también representan la mayor reserva de C orgánico terrestre y actúa 
como reserva y filtro de agua (Martín, 2016), además de ser un compartimento 
básico dentro de los diferentes ciclos biogeoquímicos de los principales nutrientes 
utilizados por plantas y microorganismos.  
Fuego
Combustible
Oxígeno
Energía 
térmica
Reacción en 
cadena
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El fuego es considerado, para algunos investigadores, como uno de los factores que 
influye en la formación y desarrollo del suelo, en un grado peculiar y diferenciado 
al de otros factores claves, tales como el tiempo, los organismos vivos, el tipo de 
material parental, la topografía, condiciones climáticas y la acción antrópica 
(Certini, 2014). 
El mayor impacto sobre el suelo se produce por la transferencia de calor desde la 
superficie del suelo a los diferentes horizontes orgánicos y minerales que lo 
constituyen, siendo los procesos de vaporización/condensación los que juegan un 
papel destacado en dicha transferencia (DeBano, 1989). La transferencia de calor 
desde la combustión de la materia orgánica o la vegetación al suelo es una función 
que depende o está sujeta a un gran número de variables (De la Rosa et al., 2008a) 
asociadas a las características del combustible, las condiciones climáticas y el 
comportamiento del fuego. En general, las capas superficiales del suelo y las 
condiciones de un suelo seco, retardan el calentamiento de éste, mientras la 
fracción mineral puede ser rápidamente calentada. 
1.3.1 PROPIEDADES EDÁFICAS AFECTADAS POR EL FUEGO 
El impacto del fuego sobre un suelo puede medirse mediante la alteración de las 
propiedades físicas, químicas y biológicas (Certini, 2005, De la Rosa et al., 2008a). 
El estudio de dichas alteraciones ha sido objeto de gran interés para la comunidad 
científica, existiendo una abundante bibliografía sobre el tema, revisada 
frecuentemente en artículos, monografías (ej. Vega, 1985; DeBano, 1989; 
González-Pérez et al., 2004; Cerdà y Jordán, 2010; González-Vila y Almendros, 2012; 
Zavala et al., 2014a) y tesis doctorales (ej. Granged, 2011; García-Moreno, 2014; 
Gordillo-Rivero, 2014; Barreiro, 2016; Jiménez-Pinilla, 2016; Lozano, 2016). 
El fuego puede influir de manera directa o indirecta sobre las propiedades físicas, 
químicas y biológicas del suelo, generalmente ejerciendo un impacto negativo, 
aunque en algunos casos se ha documentado la mejora de alguna propiedad por 
efecto del fuego (Johnson and Curtis, 2001; Neary et al., 2005; Zavala et al., 2014a).  
En relación con las propiedades físicas y mineralógicas del suelo, el fuego provoca 
los siguientes efectos: i) disminución de la estabilidad estructural de los agregados, 
ii) aumento de la densidad aparente y disminución de la porosidad y permeabilidad 
del suelo, iii) desestabilización estructural de las arcillas, y iv) oscurecimiento del 
suelo. Algunas de estos cambios están directa o indirectamente relacionados con 
la alteración de la materia orgánica del suelo por el fuego (Certini, 2005). 
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Con respecto a las propiedades físico-químicas, el pH del suelo, la base de 
saturación y la disponibilidad de nutrientes se ven directamente favorecidos tras 
un incendio, siendo la capacidad de intercambio catiónica la única que disminuye, 
aunque no está relacionada directamente con el fuego, sino con la pérdida de 
materia orgánica que sufre el suelo tras el fuego (Certini, 2005). El aumento del pH 
y la base de saturación puede deberse a la liberación de cationes alcalinos (Ca2+, 
Mg2+, K+ y Na+) y bases, respectivamente, que están unidos a la materia orgánica 
del suelo. El incremento en la disponibilidad de nutrientes está íntimamente ligado 
a la disponibilidad de N orgánico. El fuego en parte volatiliza y en parte mineraliza 
el N en forma de amonio (NH4+), disponible para la biota. El NH4+ se adsorbe sobre 
la superficie de las partículas minerales y/o compuestos orgánicos debido a la 
presencia de cargas negativas, sin embargo con el tiempo, la concentración 
disminuye al transformarse en nitrato (NO3-), el cual es rápidamente lixiviado si no 
es utilizado por plantas y microorganismos. 
El fuego también influye en las propiedades biológicas, principalmente en la 
composición de la comunidad microbiana en el suelo. El fuego tiene un efecto 
selectivo sobre algunos tipos de microorganismos, y así se ha observado que los 
hongos, por lo general, están menos adaptados al fuego, disminuyendo su 
población, mientras las bacterias son más resistentes. Como efecto inmediato, el 
fuego tiene un carácter esterilizante, aunque la citada liberación de compuestos 
nitrogenados y nutrientes tras el incendio puede influir en el aumento de la 
biomasa microbiana poco tiempo después de la quema. 
Entre todas las propiedades físicas y químicas del suelo afectadas por los incendios 
forestales, revisamos a continuación con especial atención, el actual estado de 
conocimientos de aquellas que han sido objeto de estudio en las diversas 
publicaciones que se incluyen en esta Tesis. Dichas propiedades son i) la repelencia 
al agua del suelo (RAS), y ii) la composición de la materia orgánica del suelo (MOS) 
REPELENCIA AL AGUA EN EL SUELO  
La repelencia al agua (hidrofobicidad) es una propiedad de los suelos que describe 
su grado de afinidad por el agua, es decir, su capacidad de infiltración. El 
comportamiento de los suelos frente a la hidrofobicidad tiene importantes 
consecuencias (negativas y positivas) hidrológicas, geomorfológicas y ecológicas en 
casi la totalidad de los ecosistemas existentes en el planeta (Jordán et al., 2013). 
Esta propiedad del suelo se manifiesta de manera natural en suelos sometidos a un 
amplio rango de usos y condiciones climáticas así como bajo diferentes cubiertas 
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vegetales (Doerr et al., 2000; Jordán et al., 2008) (Figura 5). Entre las consecuencias 
negativas se encuentran las siguientes: reducción de la velocidad de infiltración del 
agua en el suelo, aumentos de la escorrentía y erosión del suelo, aparición de flujos 
preferenciales, pérdida de nutrientes, lixiviación de productos agroquímicos, 
germinación limitada de semillas y crecimiento de la planta (Imeson et al., 1992; 
Jordán et al., 2008). Por otro lado, también se ha observado que la repelencia al 
agua (RAS) tiene impactos positivos, tales como la mejora del secuestro de C en el 
suelo y el incremento en la estabilidad de los agregados del suelo (ej. Mataix-Solera 
y Doerr, 2004; Goebel et al., 2011). El grado en que se producen estos impactos 
depende del grado de severidad y variabilidad espacial de la RAS (Jungerius y De 
Jong, 1989; Ritsema y Dekker, 1994). La hidrofobicidad de un suelo está relacionada 
con una serie de factores ambientales abióticos y bióticos. Entre los abióticos cabe 
destacar la textura del suelo (Jordán et al., 2013), su temperatura (Doerr et al., 
2005), el contenido de humedad del suelo (Ritsema y Dekker, 1994), cambios 
climáticos o el mismo fuego (Granged et al., 2011a). Entre los factores bióticos se 
han señalado la cantidad y calidad de materia orgánica del suelo (De Blas et al., 
2013; Lozano et al., 2013), el tipo de vegetación (Zavala et al., 2009ab), y la actividad 
microbiana en el suelo (Lozano et al., 2013). 
Numerosas investigaciones han relacionado la RAS con la acumulación de 
compuestos orgánicos hidrofóbicos liberados y aportados al suelo a partir de 
diferentes especies vegetales, exudados radiculares y como productos o residuos 
provenientes de la actividad microbiana (glomalina) (Lozano et al., 2016ab). Como 
consecuencia de la mayor incorporación de estas sustancias orgánicas sobre la 
superficie del suelo, la repelencia de este estará mayoritariamente confinada en los 
primeros centímetros del suelo que a su vez son ricos en materia orgánica (Doerr y 
Shakesby, 2009). De hecho, se ha asumido tradicionalmente que la RAS está 
asociada con la presencia de cubiertas orgánicas con carácter hidrofóbico sobre la 
superficie de las partículas del suelo y/o presentes en la región intersticial entre 
partículas de la fracción mineral del suelo (Bisdom et al., 1993; Doerr et al., 2000). 
Almendros (2008) sugirió que estos compuestos hidrofóbicos pueden estar unidos 
covalentemente a algunos de los dominios moleculares existentes en la estructura 
de los compuestos húmicos.  
  
INTRODUCCIÓN 
29 
 
Figura 5. Gota de agua sobre un suelo arenoso hidrofóbico bajo Quercus suber del 
Parque Nacional de Doñana. Vía Imaggeo (https://imaggeo.egu.eu/view/2820) 
 
Por otro lado, también se ha demostrado que la hidrofobicidad depende de la 
textura del suelo. Así, en trabajos pioneros se sostuvo la idea de que la RAS estaba 
asociada a las fracciones texturales gruesas del suelo, tal como pudo demostrarse 
en el caso de suelos arenosos (Roberts y Carbon, 1971). Una explicación plausible 
es que dichas fracciones tienen una superficie específica pequeña y necesitan poca 
cantidad de compuestos orgánicos hidrofóbicos para su recubrimiento (DeBano, 
1981). Sin embargo, varios autores han observado también como el grado de 
hidrofobicidad en las fracciones texturales finas del suelo, tiene un valor igual o 
mayor que el de las fracciones gruesas (Roberts y Carbon, 1971; McGhie y Posner, 
1980). Esto puede ser debido a un recubrimiento más efectivo de las partículas 
minerales finas, como consecuencia del pequeño tamaño que presentan las 
sustancias orgánicas hidrofóbicas, ayudando así a la formación de microagregados 
que producen, a su vez, un aumento de la repelencia al agua (Bisdom et al., 1993). 
Con respecto a la cantidad de compuestos orgánicos presentes en el suelo y su 
relación con la repelencia al agua, algunos autores han observado una correlación 
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positiva entre ambos parámetros (Mataix-Solera y Doerr, 2004; Zavala et al., 
2009ab), siempre que las muestras hayan sido tomadas del mismo tipo de suelo y 
bajo la misma cubierta vegetal. Sin embargo, en otros estudios no se ha encontrado 
dicha correlación (DeBano, 1981; Scott, 2000), lo que ha sido atribuido al hecho de 
que sólo una pequeña cantidad de compuestos presentes en la MOS están 
realmente implicados en el desarrollo de la RAS (Lozano et al., 2013). Se infiere, por 
tanto, que la RAS depende más de la calidad de la materia orgánica que de su 
cantidad (Wallis y Horne, 1992). A este respecto, De Blas et al. (2013) señalaron que 
debe existir una relación íntima entre la composición molecular de la MOS y la 
repelencia al agua de este. En particular se ha enfatizado la importancia de la 
fracción lipídica, liberada en el suelo por plantas y microorganismos (hongos), en el 
desarrollo de la RAS (ej. Ma´shum et al., 1988; Lozano et al., 2016ab). Doerr et al 
(2000) clasificaron, en dos grupos, los principales compuestos orgánicos con 
carácter hidrofóbico: i) hidrocarburos alifáticos; y, ii) sustancias anfifílicas. Este 
segundo grupo parece ser el principal responsable de la cobertura de partículas de 
suelo en arenas hidrofóbicas (Ma´shum et al., 1988; Franco et al., 2000).  
Horne y McIntosh (2000) sugirieron que la severidad de la repelencia al agua en el 
suelo no está influenciada por la cantidad total de lípidos o alguna fracción 
específica de estos en el suelo, sino más bien por la orientación de los compuestos 
anfifílicos. Algunos investigadores han aislado sustancias susceptibles de generar 
repelencia al agua en el suelo de manera natural, entre las que se incluyen los 
ácidos grasos y sus ésteres (ej. Atanassova y Doerr, 2010; González-Peñaloza et al., 
2013), alcoholes (ej. Mao et al., 2016), alcanos (ej. De Blas et al., 2013), ácidos 
aromáticos (Hansel et al., 2008), amidas, aldehídos y cetonas (Morley et al., 2005), 
fitanos, fitanoles y esteroles (Franco et al., 2000) y compuestos polares complejos 
(Atanassova y Doerr, 2010). Además, las sustancias húmicas también han sido 
propuestas como posibles fuentes de repelencia (Khan and Schnitzer, 1972). 
EFECTO DEL FUEGO SOBRE LA HIDROFOBICIDAD 
Aunque las fuentes de materia orgánica hidrofóbica son diversas (Figura 6), el fuego 
interpreta un papel muy importante (DeBano et al., 1976). El fuego puede inducir, 
incrementar e incluso anular esta propiedad, en función de las condiciones del 
incendio, principalmente la intensidad del fuego y la duración de la quema (ej. 
Neary et al., 1999; Gordillo-Rivero et al., 2014; Jiménez-Pinilla et al., 2016a). Como 
se ha mencionado anteriormente, el fuego actúa de manera más severa sobre la  
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Figura 6. Resumen de los factores que controlan la aparición de la RAS y el origen 
de las sustancias que la inducen (adaptado de Doerr et al., 2000).  
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capa superficial del suelo, donde existe mayor concentración de materia orgánica 
(Badía et al., 2014a). Las modificaciones en la capa hidrofobica se produce por la 
combustión parcial de la materia orgánica, que da lugar a sustancias orgánicas 
volátiles que condensan en capas u horizontes de suelo siguiendo un gradiente 
negativo de temperatura (zonas más frías), cubriendo la superficie mineral de las 
partículas de suelo a mayor profundidad (DeBano et al., 1976; Jordán et al., 2010).  
Un gran número de investigaciones han abordado la relación entre la temperatura 
del fuego y la alteración del grado de hidrofobicidad de un suelo (ej. Savage, 1974; 
Granged et al., 2011b). Pueden producirse pequeños cambios en la RAS tras un bajo 
impacto térmico, como ocurre en incendios de baja intensidad que no superan los 
175 oC (DeBano, 1981). Por el contrario, fuegos de intensidad moderada con 
temperaturas en el rango 175-200 oC generan un incremento en el grado de 
repelencia al agua en el suelo (DeBano, 1981; March et al., 1994). Por último, la 
desaparición completa de la repelencia ocurre cuando el suelo sufre un incendio de 
alta intensidad con temperaturas comprendidas entre los 280 oC y los 400 oC 
(Savage, 1974; March et al., 1994). La temperatura de anulación de la 
hidrofobicidad está influenciada por la atmósfera de calentamiento, siendo más 
alta en condiciones de ausencia de oxígeno (Bryant et al., 2005).  
Con respecto a la posible relación entre las sustancias húmicas y la RAS, 
mencionada anteriormente, Almendros et al. (1990) han sugerido que se produce 
un drástico incremento del grado de repelencia al agua en suelos afectados por 
incendios, debido a procesos de descarboxilación térmica de compuestos húmicos 
que conducen a una alteración de sus propiedades coloidales. 
1.3.2 MATERIA ORGÁNICA DEL SUELO 
Uno de los factores que más influye en el grado de la RAS y en el impacto de un 
incendio es la materia orgánica presente en el suelo (MOS). La MOS tiene un 
marcado papel en la génesis y evolución de los distintos tipos de suelos, presentes 
en la Tierra, junto con otros parámetros como la formación de un complejo de 
alteración, modificando los componentes minerales (horizonte B) del suelo, así 
como la translocación de materiales a lo largo del perfil del suelo. Además, la MOS 
tiene un rol muy destacado, dentro de los ecosistemas terrestres, ya que forma 
parte del ciclo global del C. Según Batjes (1996), la MOS constituye la mayor reserva 
de C de la superficie de la Tierra, siendo el doble que la presente en la atmósfera y 
de 2 a 3 veces mayor que la suma de todo el C que forma parte de los seres vivos 
que habitan los diferentes ecosistemas terrestres.  
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INTERÉS DEL ESTUDIO DE LA MATERIA ORGÁNICA DEL SUELO 
Debido a la amplia distribución espacial y a la enorme funcionalidad de la MOS, esta 
participa en mayor o menor medida en la totalidad de los procesos biogeoquímicos 
que se dan en el suelo, incidiendo en la productividad y conservación de los 
diferentes ecosistemas terrestres (Stevenson, 1994).  
El estudio de las diferentes funciones de la MOS y cómo influyen sus principales 
formas en las propiedades del suelo ha sido objeto de numerosas monografías en 
las últimas décadas (ej. Stevenson, 1994; Craswell and Lefroy, 2001; Murphy, 2014). 
Estos trabajos han demostrado que la materia orgánica constituye un factor 
determinante de la calidad y de la “salud” de los distintos tipos de suelo, presentes 
en la Tierra. Estos dos conceptos son entendidos como el conjunto de 
“características biológicas, físicas y químicas que son esenciales para una 
productividad sostenible produciendo el mínimo impacto ambiental” (Arias et al., 
2005). De esta forma, pequeñas variaciones en el status de la MOS tiene como 
resultado la pérdida de materia orgánica y la degradación de la estructura del suelo. 
El interés del estudio de la MOS en relación con el análisis de impactos ambientales 
se justifica en base a dos principios fundamentales, ampliamente aceptados:  
i. La MOS es un agente activo en el funcionamiento del suelo, con capacidad 
de ejercer un efecto directo e indirecto en la productividad y estabilidad a 
largo plazo de los ecosistemas. 
ii. La composición molecular de las formas de MOS refleja factores propios y 
externos al medio, lo que permite un diagnóstico precoz de la evolución del 
ciclo biogeoquímico en ecosistemas afectados por perturbaciones. 
Ambos principios están relacionados con la funcionalidad y la capacidad para 
reflejar alteraciones, ante perturbaciones externas, del suelo.  
La MOS presenta diferentes formas, compartimentos, grados de madurez y 
tiempos de renovación, por lo que el estudio de su composición y dinámica dentro 
de los diferentes ciclos biogeoquímicos es sumamente complicado. Una 
herramienta muy útil para conocer el origen de los diferentes compuestos 
orgánicos y/o el grado de alteración de la MOS, es el uso de Biomarcadores (Hedges 
et al., 2000; Amelung et al., 2008). El concepto de biomarcador proviene de la 
Geoquímica Orgánica y fue introducido por Eglinton y Calvin (1967) para describir 
aquellos compuestos orgánicos que tienen un precursor biosintético específico y 
son suficientemente estables en una escala de tiempo elevada. 
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El uso de los biomarcadores en la ciencia del suelo, ha permitido conocer e 
interpretar los cambios que han experimentado los diferentes ecosistemas 
terrestres y los cambios ambientales a corto plazo producidos por incendios 
forestales. Los biomarcadores más ampliamente utilizados para el estudio de la 
calidad de la materia orgánica en suelos y sedimentes se encuentran en las 
fracciones lipídicas. Muchos de ellos hansido propuestos como biomarcadores 
subrogados a la RAS (Mao et al., 2015), un aspecto de estudio abordado de forma 
preferente en esta Tesis. 
COMPOSICIÓN DE LA MATERIA ORGÁNICA DEL SUELO 
La MOS está principalmente constituida por una mezcla heterogénea de 
componentes, simples y macromoleculares de elevado peso molecular, 
procedentes de fuentes muy diversas y con diferente grado de conservación 
(Stevenson, 1994). La principal fuente de compuestos orgánicos es la vegetación, y 
en menor medida la proveniente de desechos de animales y de microorganismos. 
Una de las posibles clasificaciones que se puede hacer de los componentes 
presente en la MOS no viva, es decir, no teniendo en cuenta a los microorganismos 
e invertebrados del suelo, atiende al grado de evolución o madurez de esta. Ante 
ello, se pueden observar tres categorías o tipo de compuestos orgánicos 
principales: [1] restos vegetales y animales en fase de descomposición microbiana 
(1-10%), encontrándose libres o débilmente ligadas a las partículas minerales del 
suelo mediante enlaces de naturaleza física, [2] sustancias no húmicas (10-40%), 
que son compuestos orgánicos que aún presentan estructuras bioquímicas 
definidas, como polisacáridos, ligninas, ceras, proteínas, pigmentos, etc., y [3] 
sustancias húmicas (40-60%), que son compuestos con una estructura química no 
definida y de difícil determinación, siendo consideradas como el principal 
reservorio de C en los suelos. Otra forma de clasificar los diversos componentes de 
la MOS se basa en el tiempo de renovación (turnover time). Modelos 
biogeoquímicos usados, generalmente dividen la MOS en tres compartimentos 
diferentes de C: [1] activo, presentando tiempos de retorno de meses o años 
(compuesta principalmente por material orgánico biológicamente activo y 
fácilmente degradable por los microorganismos), [2] lenta, con un tiempo de 
retorno en el rango de años a décadas, y [3] pasivo, estando constituido por 
material orgánico recalcitrante, con una tasa de retorno de cientos a miles de años 
(Balesdent y Mariotti, 1996; Schulze et al., 2000). Este último compartimento 
contiene compuestos orgánicos muy resistentes a la biodegradación por ataques 
microbianos (Melillo et al., 2002). La materia orgánica asociada a la fase mineral del 
suelo también muestra tiempos de residencia altos, debido a una mayor protección 
frente a los microorganismos (Sollins et al., 1996; Baldock y Skjemstad, 2000). 
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Similarmente, la MOS altamente transformada, de forma biótica o abiótica, se 
piensa que es más resistente al ataque microbiano que el material fresco (Berg, 
2000; Quénéa et al., 2005). 
IMPORTANCIA DE LA FRACCIÓN LIPÍDICA DE LA MATERIA ORGÁNICA DEL SUELO 
Los compuestos lipídicos presentes en la MOS, se definen operacionalmente, como 
un grupo heterogéneo de sustancias orgánicas insolubles en agua pero extractables 
con disolventes orgánicos (Dinel et al., 1990). Estos compuestos hidrofóbicos 
presentan un amplio rango o tipos de estructuras que van desde las simples, como 
las de alcanos, alcoholes, ácidos grasos, hasta estructuras complejas, como las de 
los terpenoides o esteroides cíclicos. La principal fuente de los compuestos lipídicos 
presentes en la MOS son las plantas, principalmente de las ceras epicuticulares, y 
de biopolímeros tales como la suberina, presente en la epidermis de la corteza y las 
raíces de las plantas superiores, y la cutina, presente en la cutícula de las hojas. Los 
lípidos también provienen en menor medida, de los microorganismos del suelo y 
de su actividad. La presencia de compuestos lipídicos en la MOS, tanto de origen 
vegetal como microbiano, influye de manera notable en las propiedades hídricas 
del suelo, afectando a la estabilidad de agregados, la adsorción de contaminantes 
y de manera muy especial a la RAS (De Blas et al., 2013; Mao et al., 2016).  
Los lípidos constituyen una fracción relativamente estable de C en el suelo, en 
comparación con otros compuestos con un tiempo de renovación menor, como los 
carbohidratos o proteínas (Lichtfouse et al., 1995). Dicha estabilidad también 
puede tener su origen en la interacción de los diferentes compuestos lipídicos con 
las sustancias húmicas (Khan y Schnitzer, 1972). Atendiendo a su disponibilidad o 
facilidad para ser extraídos de la MOS mediante disolventes orgánicos los lípidos se 
clasifican en compuestos libres, unidos mediante enlaces éster y no hidrolizables.  
Los lípidos libres generalmente comprenden una porción menor del 10% de la MOS 
(Dinel et al., 1990), y entre ellos se encuentran marcadores característicos que 
pueden dar información sobre el origen y el estado de degradación de residuos 
orgánicos en la MOS. Por ejemplo, ácidos grasos de cadena larga y par son 
constituyentes comunes de las ceras epicuticulares de plantas (Eglinton et al., 1962; 
Eglinton y Hamilton, 1967), mientras, ácidos grasos tanto lineales como ramificados 
de cadena corta (C<20), hopanos y ergosteroles son característicos de 
microorganismos (Otto et al., 2005). Por otro lado, el estado de degradación de la 
MOS puede ser evaluado comparando el ratio de esteroles de origen vegetal (β-
Sitosterol, stigmasterol y stigmastanol) frente al de sus productos degradados 
(stigmasta-3,5-dien-7-one y sitosterona) en el suelo (Otto y Simpson, 2006).  
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Los lípidos unidos mediantes enlaces ésteres son biomarcadores típicos de los 
biopolímeros suberina y de cutina. La predominancia de ω-hidroxi- y di- ácidos 
grasos de cadena larga es típica de biomarcadores de suberina, lo cual, permite 
identificar aportaciones de material vegetal procedente de raíces o corteza al suelo. 
Por otro lado, los ácidos grasos C16 y C18 monoinsaturados (ácido palmitoleico y 
oleico, respectivamente) con grupos hidroxilo o epóxidos de cadena media son 
biomarcadores de la cutina (Goñi y Hedges, 1990; Otto et al., 2005). Polímeros 
naturales de suberina y cutina son consideradas como las mayores fuentes de 
lípidos alifáticos (hidrolizables) en la MOS (Otto y Simpson, 2006), pero no se tiene 
una información suficiente sobre la degradación de estos biopolímeros en el suelo 
(Otto et al., 2005). Los lípidos “enlazados” son menos propensos al ataque de 
microorganismos, comparado con los denominados “libres” (Hedges et al., 2000). 
Recientes estudios han mostrado que los componentes alifáticos recalcitrantes de 
la MOS tienen potencial para secuestrar C en el suelo (Lorenz et al., 2007). Esto es 
importante para examinar la transformación y preservación de lípidos enlazados en 
el suelo bajo la influencia de perturbaciones. 
Los lípidos no hidrolizables están localizados en la fracción del suelo que no es 
extraíble mediante disolventes orgánicos y son compuestos químicamente más 
complejos. La materia orgánica no hidrolizable es considerada como una parte 
fundamental del reservorio estable de C en el suelo (Quénéa et al., 2005). Dentro 
de esta categoría se pueden encontrar compuestos de origen vegetal, destacando 
principalmente los biopolímeros no hidrolizables que provienen de la cutícula de 
las hojas, y de las raíces y corteza de las plantas superiores (cutan y suberan, 
respectivamente) (Nierop, 1998). 
IMPACTO DEL FUEGO SOBRE LA MATERIA ORGÁNICA DEL SUELO 
Los incendios forestales, así como las prácticas agronómicas basadas en la 
aplicación del fuego, tales como las quemas controladas de matorral o de residuos 
de cosechas, que se han aplicado durante milenios en muchas regiones agrícolas 
de la Península Ibérica, afectan simultáneamente a la calidad y cantidad de la MOS, 
y pueden determinar cambios levemente reversibles en el balance de C del suelo. 
El estudio de los efectos de los incendios sobre la MOS resulta muy complejo. El 
grado y persistencia de las alteraciones dependerán directamente de la duración y 
severidad del incendio, dependientes a su vez de factores ambientales tales como 
la cantidad, naturaleza y humedad de la vegetación (combustible natural), la 
temperatura y grado de humedad del aire y el suelo, la velocidad del viento o la 
topografía (Certini, 2005; De la Rosa et al., 2008a). En todo caso, conviene 
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diferenciar entre la cantidad y la calidad de la materia orgánica afectada por el 
fuego. 
La influencia del fuego sobre los contenidos en C y N orgánicos del suelo ha sido 
ampliamente estudiada (González-Vila y Almendros, 2003). Los resultados son muy 
variables y se encuentran directamente vinculados a la intensidad del fuego. El 
cambio más esperable es la pérdida de materia orgánica, en un grado dependiente 
en gran medida de la severidad del fuego. Sólo en incendios de alta intensidad se 
ha descrito la pérdida de la práctica totalidad de la materia orgánica en el horizonte 
superficial del suelo, mientras, en incendios de media y baja intensidad, el 
contenido de C puede incluso aumentar significativamente debido a la 
incorporación masiva de necromasa al suelo, que incluye tanto la biomasa 
subterránea como material vegetal parcialmente carbonizado proveniente de las 
partes aéreas de la vegetación quemada (Figura 7).Otras razones sugeridas para 
explicar el incrementao del contenido total de C del suelo en el horizonte superficial 
tras un incendio han sido: i) la incorporación, a la fracción mineral del suelo de 
residuos no quemados, más protegidos de la descomposición bioquímica, ii) la 
colonización de la zona quemada por vegetación de rápido crecimiento, unida al 
desarrollo de especies fijadoras de N, que se ha demostrado que pueden ayudar al 
secuestro de C, y iii) la transformación de la materia orgánica fresca en formas más 
recalcitrantes (Johnson y Curtis, 2001; Certini et al., 2005). 
En términos generales, y dependiendo del tiempo de calentamiento, y de la 
destilación de compuestos volátiles, se estima que la pérdida de C orgánico 
comienza a temperaturas entre los 100 y 200 oC, después de eliminarse el agua 
higroscópica y constitucional. En cuanto a la relación C/N, suele disminuir en las 
muestras afectadas por incendios (González-Pérez et al., 2004; De la Rosa et al., 
2009), probablemente debido a la formación de nuevas formas heterocíclicas 
nitrogenadas recalcitrantes (Baldock y Smernik, 2002; Almendros et al., 2003; 
Knicker et al., 2005). 
En cuanto a la estabilización de C debido al fuego, los efectos pueden ser muy 
diferentes en función del tipo de ecosistema (Kuhlbusch y Crutzen, 1995). Los 
ecosistemas de alta actividad biológica (ej. Bosques tropicales) pueden, en la 
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Figura 7. Impacto del fuego sobre la biomasa arbórea y la materia orgánica en el 
suelo (Incendio provocado en el Castillo de las Guardas, Sevilla, Verano de 2016). 
 
práctica, tener un balance cero o incluso negativo en lo que concierne al secuestro 
de C debido a la actividad y rapidez de las transferencias de C y a que el C 
atmosférico se encuentra más “secuestrado” en la biomasa que en los suelos de 
estos ecosistemas. Sin embargo, en ecosistemas semiáridos la acumulación de las 
formas estables de C (black carbon), las cuales se han descrito como un continuum 
de material vegetal parcialmente carbonizado que va desde formas de carbón 
vegetal a partículas de grafito condensados (Massiello, 2004). El black carbon es un 
producto típico de la combustión incompleta de la vegetación y los combustibles 
fósiles, con un nivel de organización que va desde el presente en carbones de bajo 
rango hasta antracita (Goldberg, 1985; Kuhlbusch, 1998). Este material no es 
fácilmente accesible a la degradación enzimática, y constituye un tipo de materia 
orgánica estabilizada en el suelo, al igual que las interacciones órgano-minerales 
que son favorecidas en los frecuentes procesos cíclicos de secado-mojado en 
ecosistemas semiáridos. 
Desde los primeros estudios sobre el efecto del fuego en la MOS se ha prestado 
especial atención a las alteraciones que produce en la composición molecular de la 
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materia orgánica, es decir a cambios en la calidad y no en la cantidad total de la 
materia orgánica. Estos cambios podrían explicar mejor las propiedades y el 
funcionamiento de los suelos tras la incidencia del fuego (González-Pérez et al., 
2004). Los procesos de degradación y generación de nuevas formas de materia 
orgánica durante un incendio forestal hacen que sea extremadamente difícil 
cuantificar e incluso reconocer los mecanismos que participan en la transformación 
cualitativa de la MOS. El balance entre los procesos de alteración dependerá tanto 
de la temperatura como del tiempo de calentamiento, así como de la naturaleza de 
la materia orgánica en en el suelo y su grado de asociación con la fracción mineral. 
Las alteraciones que el fuego puede causar en las estructuras moleculares de las 
diversas formas de MOS, dependerán de la temperatura y el tiempo de residencia 
del fuego, es decir, de la intensidad de este. Entre 130 y 190 oC los compuestos 
derivados de lignina y hemicelulosa empiezan a ser degradados (Chandler et al., 
1983), aunque hay estructural del tipo lignocelulósicas que resisten temperaturas 
superiores a los 450 oC. Por encima de los 200 oC empiezan los procesos de 
calcinación (charring) (De la Rosa et al., 2008b) que conducen a una progresiva 
deshidrogeación y pérdida de funcionalidad. Según demostraron Almendros et al. 
(1992), temperaturas por encima de los 300 oC producen cambios estructurales de 
las sustancias húmicas del suelo, previamente descarboxiladas a bajas 
temperaturas, produciéndose ciclaciones, de forma que dichas macromoléculas 
pasan a estar compuestas principalmente por estructuras carbonosas aromáticas 
(del tipo black carbon) altamente resistentes a la oxidación (Knicker et al., 2005), y 
no existentes en la muestra calentada a temperaturas más bajas. Por ello, el cambio 
más habitual es el incremento en el grado de aromatización de la materia orgánica 
debido al aumento del contenido de formas de black carbon (Rumpel et al., 2007; 
De la Rosa et al., 2008b; Rovira et al., 2012). 
Estos cambios provocan la aparición del llamado humus piromófico, término 
utilizado por Almendros et al. (1984ab) para hacer referencia a un material 
humificado formado por materia orgánica altamente transformada por efecto de la 
temperatura, generalmente de propiedades coloidales atenuadas y con alta 
resistencia a la degradación. Posiblemente la característica estructural de mayor 
valor diagnóstico para reconocer el impacto del fuego sobre la MOS sea la 
acumulación de formas heterocíclicas de N, del tipo pirrólicas, no existente en los 
suelos no afectados por el fuego. Por otra parte, las elevadas temperaturas 
determinan reacciones de deshidratación y ciclación, con generación de 
compuestos reactivos y radicales libres que dan lugar a estructuras de C y N 
altamente condensadas, generalmente recalcitrantes (Knicker, 2000). En cuanto a 
la estabilidad a largo plazo de estas formas condensadas piromórficas, estudios 
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recientes de incubación en invernadero de formas de materia orgánica pirogénica 
han cuestionado esta suposición (De la Rosa y Knicker, 2011; Hilscher y Knicker, 
2011). En general, en suelos afectados por incendios se presenta un incremento en 
la materia orgánica de mayor recalcitrancia, a expensas normalmente de las 
fracciones más lábiles (materia orgánica libre y ácidos fúlvicos), efectos 
comparables a los procesos naturales de maduración, y que normalmente se 
reconocen por un aumento del grado de polimerización y de humificación 
(Almendros et al., 1990). 
La fracción lipídica de la MOS es altamente sensible a los cambios ambientales 
(Almendros et al., 1988, 1990). Entre las alteraciones producidas por el fuego sobre 
los compuestos lipídicos, la alteración de los patrones de distribución de 
compuestos alquílicos (fundamentalmente alcanos y ácidos grasos) pueden ser 
usados como indicadores de la acción del fuego. Concretamente, tras el fuego, se 
observa un enriquecimiento relativo en homólogos de bajo peso molecular (C<20), y 
una profunda alteración en el patrón típico de distribución, consistente en el 
predominio de cadenas de número impar de átomos de C (en el caso de alcanos) o 
en número par de estos (en ácidos grasos). Las relaciones entre la abundancia de 
determinados compuestos lipídicos se han mostrado como índices válidos para 
representar la la intensidad y el efecto residual de los incendios (González-Pérez et 
al., 2004; Wiessenberg et al., 2009), así como la recuperación ambiental de suelos 
afectados por incendios (González-Pérez et al., 2008). En cuanto a la variación del 
contenido total de lípidos del suelo tras un incendio, los resultados dependen en 
gran medida de las condiciones particulares del fuego, y del mayor o menor aporte 
de biomasa parcialmente quemada. Se han descrito incrementos en la proporción 
de lípidos en los incendios de media y baja intensidad, mientras que la 
concentración de lípidos puede verse reducida significativamente en incendios de 
alta intensidad donde la biomasa es completamente carbonizada (González-Vila y 
Almendros, 2003). 
En cualquier caso, es necesario resaltar que, incluso en los casos en que el 
contenido de lípidos disminuye, la hidrofobicidad puede aumentar muy 
significativamente. Esto sugiere que la repelencia al agua depende en gran medida 
de los cambios en las propiedades coloidales y de superficie de la materia orgánica, 
a lo que se une la posible condensación o “fijación” de lípidos en estructuras 
macromoleculares no extraíbles (Almendros et al., 2010), y no necesariamente a la 
acumulación de sustancias lipídicas extraíbles. 
Almendros et al. (1990) resumieron las diferentes reacciones y alteraciones que 
experimentan las formas de la MOS por los incendios forestales (Figura 8).  
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MÉTODOS ANALÍTICOS 
El conocimiento de la composición molecular de la MOS es clave para entender la 
alteración de las propiedades del suelo por el efecto de factores medioambientales, 
y particulamente por la influencia del fuego.  
Debido a la gran heterogeneidad de los diferentes compartimentos en los que se 
presenta la MOS, continuamente se están desarrollando y optimizando las técnicas 
analíticas dedicadas a establecer la composición molecular de las diferentes formas 
de MOS. En términos generales, es imprescindible el uso combinado de diferentes 
técnicas analíticas con una alta sensibilidad, que han sido revisadas 
frecuentemente (Almendros et al., 2010). La Figura 9, recoge, de manera 
esquemática las principales y más comunes técnicas analíticas utilizadas para el 
estudio de la cantidad y calidad de la MOS. Dichas técnicas principalmente se 
dividen en dos categorías: i) destructivas, y ii) no destructivas. Las técnicas 
destructivas son aquellas que alteran la composición molecular de la MOS, mientras 
las no destructivas no producen tal alteración, y entre ellas se encuentran la 
microscopía electrónica de barrido y transmisión (SEM y TEM), y las técnicas 
espectroscópicas, principalmente ultravioleta/visible (UV/Vis), infrarrojo con 
transformada de Fourier (FT-IR) y resonancia magnética nuclear en estado sólido 
(13C, 15N CP/MAS NMR). En particular, la NMR, ha sido ampliamente usada para el 
estudio de las alteraciones producidas por el fuego sobre la MOS, debido a su 
carácter cuantitativo y su capacidad para la caracterización estructural de formas 
de materia orgánica macromoleculares (Almendros y González-Vila 2012; Knicker 
et al., 1996, 2005). 
Dentro de las técnicas destructivas se distinguen dos grupos: [1] las que analizan 
las formas de MOS como un todo “bulk” y [2] las que analizan compuestos 
moleculares individuales de la MOS. El primer grupo da una información global de 
la cantidad y/o composición de la MOS sin la separación de compuestos 
moleculares, y entre ellas están el análisis elemental (EA) y el análisis de las 
relaciones isotópicas (IRMS), estudios basados en la composición isotópica de 
bioelementos ligeros (C, N, H y O), en especial el estudio de la composición isotópica 
del carbono pesado (13C) en la MOS y su alteración por el fuego (Saito et al., 2007; 
Bird y Ascough, 2012). 
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El segundo grupo de técnicas destructivas se divide a su vez en otros dos grupos: 
[1] espectroscópicas y [2] cromatográficas. Dentro de las técnicas espectroscópicas 
cabe destacar la NMR en disolución, que tiene las mismas ventajas e inconvenientes 
que la de estado sólido, con la excepción de que en estado sólido no hay que tratar 
la muestra y es recuperable para otros análisis, y la espectrometría de masas de 
ultra-alta resolución (FT-ICR/MS) donde la muestra puede ser introducida mediante 
ionización por electrospray o mediante desorción/ionización láser asistida por una 
matriz (ESI-FT-ICR/MS y MALDI-FT-ICR/MS, respectivamente). Esta técnica ha sido 
recientemente desarrollada y empleada para el estudio de muestras naturales de 
materia orgánica de diferentes orígenes (Krammes et al., 2004; Ikeya et al., 2013, 
2015), teniendo como principal ventaja la ausencia de fragmentación molecular y 
la gran cantidad de compuestos moleculares diferentes originados en cada una de 
las muestras.  
El gran número de compuestos que se producen requiere el uso herramientas 
gráficas para su interpretación, tales como los diagramas de van Krevelen (van 
Krevelen, 1950; Kim et al., 2003) y los diagramas de Kendrick mass defect (KMD).  
Con respecto a las técnicas cromatográficas se distinguen principalmente las 
basadas en la degradación térmica o química de las muestras, y en la extracción, 
derivatización y purificación. Entre las primeras destaca la pirolisis analítica y la 
termoquimiolisis, la cual, permite analizar muestras sólidas sin necesidad de 
pretratamientos, y han sido ampliamente usadas para el estudio molecular de la 
MOS y muy especialmente en su alteración por el fuego (ej. De la Rosa et al., 2008a; 
González-Pérez et al., 2008; Jiménez-González et al., 2016). La principal ventaja de 
la pirolisis es la liberación de familias de compuestos provenientes de la pirolisis de 
precursores moleculares bien conocidos. Existe una gran diversidad de detectores 
empleados en las técnicas cromatográficas, entre ellos la ionización de llama (FID), 
las relaciones isotópicas (IRMS) y los másicos (MS, TOF, MS/MS, etc.). Se pueden 
emplear de manera simultánea o cooperativa para poder obtener información 
tanto de la cantidad como de la calidad de los diferentes compuestos moleculares 
separados mediante la cromatografía. 
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Material de muestreo para la obtención de 
sedimentos en la laguna de Ribetehilos 
Parque Nacional de Doñana, Huelva 
Octubre de 2015 
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El principal objetivo de esta Tesis Doctoral, ha sido la caracterización mediante 
técnicas analíticas de los compuestos orgánicos responsables de la repelencia al 
agua en suelos afectados por incendios forestales, dentro del Parque Nacional de 
Doñana. Este trabajo tiene como finalidad, el arrojar luz sobre algunos aspectos 
poco estudiados, debido, en parte, a la enorme complejidad que presenta el 
sistema suelo, así como la carencia de nuevas técnicas analíticas, con una mayor 
sensibilidad, empleadas para tal fin. Por ello, se ha elegido un suelo con una 
complejidad textural baja, Arenosol, y utilizando el esquema clásico de 
comparación entre suelos quemados y sin quemar bajo las mismas condiciones 
geomorfológicas. Debido a la complejidad intrínseca del objetivo a cumplir, se ha 
requerido la implantación de objetivos específicos para poder alcanzar el fin de este 
trabajo. 
a) El capítulo 3 tiene como objetivo principal la determinación y discusión de la 
relación existente entre la repelencia al agua y la cantidad y calidad de la 
materia orgánica del suelo. Para alcanzarlo, se tuvieron en consideración los 
siguientes aspectos: 
i) Las muestras de suelo fueron tomadas bajo especies arbóreas que crecen 
en suelos arenosos dentro del Parque Nacional de Doñana (Sureste de 
España). 
ii) El estudio de las características físico-químicas y la repelencia al agua en 
las muestras de suelo tomadas, así como el contenido de materia 
orgánica, fueron realizadas en muestras completas y en 4 fracciones de 
tamaño arena (1-2, 1-0.25, 0.25-0.05 y <0.05 mm). 
iii) La composición química de las estructuras comúnmente hidrofóbicas 
presentes en la materia orgánica del suelo (n-alcanos/alquenos y n-ácidos 
grasos) fue estudiada mediante técnicas de pirólisis analítica directa. 
iv) Finalmente, nuestros resultados son discutidos en términos del posible 
origen de la materia orgánica del suelo y de la influencia de los 
componentes químicos específicos de esta con la naturaleza hidrofóbica 
de suelos con esta propiedad. 
b) Los capítulos 4, 5, 6 y 7 se centraron en suelos arenosos quemados bajo una 
única vegetación (Quercus suber). 
c) En el capítulo 4, se realizó un estudio exhaustivo de la composición isotópica 
de elementos ligeros (carbono e hidrógeno) en la materia orgánica presente 
en suelos arenosos afectados y no afectados por el fuego y en sus diferentes 
fracciones. Para su realización, se marcaron los siguientes objetivos: 
i) Evaluar los efectos del fuego sobre la biomasa foliar y la materia orgánica 
en las diferentes fracciones 
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ii) Evaluar el efecto de la incorporación de la biomasa quemada en el suelo 
después de un incendio 
iii) Explorar el posible uso de la composición isotópica del carbono e 
hidrógeno de la materia orgánica del suelo como un nuevo “proxy” para 
evaluar los efectos del fuego sobre la biomasa y la materia orgánica. 
d) El capítulo 5, se centra en la información proporcionada mediante el uso de la 
pirólisis analítica directa sobre la materia orgánica en el suelo completo y dos 
de las fracciones de tamaño arena más diferentes (gruesa y fina), con el 
objetivo de arrojar luz sobre las alteraciones que el fuego produce sobre la 
materia orgánica del suelo. Para lograr esto, se tuvieron en consideración los 
siguientes objetivos específicos: 
i) Evaluar la composición química de la materia orgánica del suelo completo 
y de las fracciones de tamaño arena elegidas antes y después de un 
incendio forestal. 
ii) Evaluar las alteraciones y procesos sufridos en cada una de las muestras 
de suelos afectadas por el impacto del fuego. 
e) En el capítulo 6, se realizó una caracterización detallada de la composición 
química de la materia orgánica de suelos afectados y no afectados por el fuego 
en dos de las fracciones de tamaño arena más diferentes (gruesas y finas) 
usando para ello la espectrometría de masa de ultra-alta resolución acoplada 
a un ionizador por electrospray, así como diferentes herramientas gráficas 
para la interpretación de los resultados. 
f) El principal objetivo del capítulo 7, se basa en la determinación y evaluación 
de los factores químicos, relacionados con la materia orgánica del suelo, que 
controlan la repelencia al agua tanto en suelos quemados como no quemados 
con una baja complejidad textural (suelos arenosos), y sus respectivas 
fracciones de tamaño arena.  
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Huelva 
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3.1 INTRODUCTION 
The soil system plays a key role in the carbon cycle as it can store more organic 
matter that any other Earth System (Barua and Haque, 2013). The Earth living body 
can store carbon in the soil (Yan-Gui et al., 2013) because of a natural process that 
can be accelerated by the humans by means of land management (Barbera et al., 
2013; Fialho and Zinn, 2014; Jaiarree et al., 2014; Srinivasarao et al., 2014). Changes 
in soil organic matter (SOM) can affect the carbon cycle via forest fires (Novara et 
al., 2011), land management (Laudicina et al., 2013; Parras-Alcántara et al., 2014) 
and rehabilitation strategies (de Moraes Sá et al., 2013). Although many 
researchers developed studies on the organic matter content, spatial distribution 
and temporal changes, very little is known about the organic matter characteristics 
(Köcyigit and Demirci, 2012; Aznar et al., 2016; Chaudhuri et al., 2013) and their 
impact on the soil hydrological properties. 
Water repellency (WR) is a phenomenon commonly observed in some soils that 
reduces their affinity for water (Jordán et al., 2013). It has been reported in soils 
under different climatic, lithology, vegetation and management conditions (Doerr 
et al., 2000). In water-repellent soils, infiltration is inhibited for periods ranging 
from a few seconds to hours, days or even weeks (King, 1981; Doerr and Thomas, 
2000). Hydrological and geomorphological impacts of soil WR are a consequence of 
the reduction of soil infiltration rates, such as increased overland flow, spatially 
localized infiltration and/or percolation, effects on the distribution and dynamics of 
soil moisture, enhanced runoff responses to rainstorms, enhanced total streamflow 
and the development of preferential flow paths in the soil profile (Blackwell, 2000; 
de Rooij, 2000; Doerr et al., 2000; Shakesby et al., 2000; Leighton-Boyce et al., 2007; 
Jordán et al., 2008, 2009; Zavala et al., 2009a; Varela et al., 2010; García-Moreno et 
al., 2013). 
It is commonly accepted that soil WR is caused by organic substances covering the 
surface of minerals particles (Ma’shum et al., 1988; Bisdom et al., 1993) or present 
into the interstitial soil spaces (McGhie and Posner, 1981; Franco et al., 2000). Some 
authors have studied the relationship between SOM content and WR, obtaining 
positive (McKissock et al., 1998; Mataix-Solera and Doerr, 2004; Zavala et al., 
2009b), negative (Mataix-Solera et al., 2014; Teramura, 1980) or no correlation at 
all (DeBano, 1992; Wallis et al., 1993; Wessolek et al., 2009). It has been suggested 
that the grade of repellency is mainly conditioned by specific chemical 
characteristics of SOM (Wallis and Horne, 1992; Atanassova and Doerr, 2011). 
Although the actual knowledge about the specific compounds able to induce soil 
WR is limited (Doerr et al., 2000; Doerr and Shakesby, 2009), we do know that the 
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majority of those substances are abundant in ecosystems, and they are released 
into soils, as exudate of roots (Dekker and Ritsema, 1996ab; Doerr, et al., 1998), 
organic residues in decomposition (McGhie and Posner, 1981) or excreted by fungi 
and other microorganisms (Hallett and Young, 1999; Schaumann et al., 2007). In 
this sense, soil lipids form a diverse group of hydrophobic substances including 
simple compounds, such as fatty acids, and more complex substances, such as 
sterols, terpenes, polynuclear hydrocarbons, chlorophylls, waxes and resins (De 
Blas et al., 2013). Under aerobic conditions, on average, fats, waxes and resins 
account for 2 - 6% of soil humus (Stevenson, 1994). These compounds could be 
mostly responsible for the water-repellent condition of certain soils (Dinel et al., 
1990; Stevenson, 1994; Rumpel et al., 2004; Lozano et al., 2013). 
Wildfires may destroy (Jordán et al., 2010; Granged et al., 2011a), induce or 
increase soil WR in previously wettable or water-repellent soils (Doerr et al., 2000; 
Mataix-Solera and Doerr, 2004; Zavala et al., 2010; Granged et al., 2011bc), because 
of rapid volatilization of hydrophobic compounds that are released during 
combustion of litter and condensed in cooler parts of soil profile and also because 
of organic matter transformations (DeBano et al., 1970). But also, it is known that 
when natural vegetation is restored, soil properties may also return to the original 
water-repellent conditions (Cerdà and Doerr, 2007; González-Pérez et al., 2008; 
Jordán et al., 2010; Granged et al., 2011a). 
During burning, fire can induce chemical changes in organic substances (Almendros 
et al., 1988; Knicker et al., 2005). In burnt soils, fire-induced WR has been partially 
attributed to an increase in the soil lipid content (DeBano, 2000 and references 
therein). Specific organic substances have been related to soil WR phenomena, that 
is, alkane/alkene pairs (Savage et al., 1972; Ma’shum et al., 1988; Roy et al., 1999; 
De Blas et al., 2013), amphiphilic compounds, mainly, long-chained fatty acid 
(Ma’shum et al., 1988; Hudson et al., 1994; Roy et al., 1999; Franco et al., 2000; 
Horne and McIntosh, 2000; De Blas et al., 2013), Ca and Mg insoluble salts of fatty 
acids (FAs; Wander, 1949; Graber et al., 2009), waxes (Franco et al., 2000; Horne 
and McIntosh, 2000) and sterols (Franco et al., 2000). 
Pyrolysis-gas chromatography/mass spectrometry (GC/MS) is a fast and 
reproducible technique widely used for the structural characterisation of SOM. The 
technique involves a thermolytic degradation of macromolecules into small 
fragments that may be separated and identified by GC/MS. It is particularly useful 
for the direct study of materials difficult to characterise by conventional methods 
because of their complexity. In addition, pyrolysis of SOM generates a wide range 
of products that can be related to their origin (e.g. methoxyphenols from lignin, 
furans from polysaccharides and N-molecules from proteins; Leinweber and 
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Schulten, 1995; González-Vila et al., 2001). Long-chain n-alkanes are mostly derived 
from epicuticular waxes of vascular higher plant leaves (Eglinton and Hamilton, 
1967). Some indexes such as n-alkane average chain length (ACL) and carbon 
preference index (CPI) are used as indicators of source and evolution of organic 
matter (Cranwell, 1973). In fact, after deposition, n-alkanes are affected by factors 
such as microbial activities or fire, which normally reduce ACL values in soils (Bull 
et al., 2000ab; González-Pérez et al., 2004, 2008). 
The main objective of this work is to discuss the relationship between soil WR and 
SOM quantity and quality. To achieve this, (i) soil samples were collected under 
selected species growing in sandy soils from the Doñana National Park (Southern 
Spain), (ii) soil WR and physicochemical characteristics and SOM content were 
assessed in fine earth soil samples (<2 mm) and in soil sieve fractions (1 - 2, 0.25 - 
1, 0.05 - 0.25 and <0.05 mm), (iii) the composition of common hydrophobic 
structures present in SOM (n-alkane/alkene pairs and n-alkanoic acids) was studied 
by direct analytical pyrolysis and (iv), finally, our results are discussed in terms of 
the possible origin of SOM and the influence of specific SOM components with 
hydrophobic nature in the observed soil WR.  
3.2 METHODS 
3.2.1 STUDY AREA  
In order to limit the number of environmental variables that may affect soil WR, a 
site at Doñana National Park was selected, approximately at coordinates 37°7 27ʺN 
6°30 5ʺW, with sandy soils showing relative spatial homogeneity and properties, 
under different vegetation covers: cork oak (Quercus suber, QS), eagle fern 
(Pteridium aquilinum, PA), pine (Pinus pinea, PP) and rockrose (Halimium 
halimifolium, HH). Doñana National Park is located in the southwestern coast of 
Spain under a Mediterranean climate with a strong oceanic influence, which 
favours mild temperatures, and relatively high humidity and rainfall compared with 
inland (Siljeström and Clemente, 1990). Mean annual rainfall is 830mm with 77% 
of precipitation occurring between October and March and a mean air temperature 
of 16.9 °C. The soil parent material is eolian sandy sediments (Holocene) covering 
gravels and other sandy sediments (Pliocene Pleistocene). A dense vegetation cover 
impedes the mobilization of sand and leads to the formation of a widely distributed 
system of stabilized dunes. This exerts the formation of soil systems in parallel 
bands along dune slopes following local topography (González Bernáldez et al., 
1975ab). Geomorphology, through water availability from dune ridges to slacks, 
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controls soil genesis and also the vegetation pattern at different scales with a 
sequence of xerophytic scrub (drier crests), mixed scrub (mid-slope shrubland) and 
heath (at floodable depressions) (Muñoz-Reinoso and García-Novo, 2005; García-
Novo et al., 2007). Soil evolution on stabilised dunes depends on the depth of the 
water table and is closely related to vegetation types and topography; 
consequently, the study area includes several soil types as Typic Xeropsamment 
(dune tops), Aquic Xeropsamment (dune slopes) and Humaqueptic Psammaquent 
(inter-dunar depressions) (Siljeström et al., 1994). Stabilised dunes are 
progressively buried by mobile dunes, sparsely covered by vegetation. 
Occasionally, fireaffected soils from dune tops and slopes show deep organic 
horizons (to 130 cm), an irregular distribution of organic carbon at depth and burnt 
buried branches and roots (Clemente and Siljeström, 1987). 
3.2.2 SAMPLE COLLECTION AND ANALYSIS 
Four sites under the canopy of frequent vegetal covers (QS, PA, PP and HH were 
sampled (Figure 1). For each site, four soil sub-samples (0 - 2 cm deep) were 
collected in a circular area (within a radius of 5m) and transported to the laboratory 
in sealed plastic bags. In the laboratory, a combined sample was made for each 
vegetation type by thoroughly mixing the four sub-samples before air-drying under 
laboratory conditions (25 °C and approximately 50% relative humidity) during a 1-
week period, as suggested by Doerr et al. (2005). The soil samples were sieved to 
fine earth (<2 mm) to discard coarse elements and litter fragments. Each combined 
sample was carefully divided in four sieve size fractions (1-2, 0.25-1, 0.05-0.25 and 
<0.05 mm) by dry sieving. 
3.2.3 LABORATORY METHODS 
Soil pH was measured in aqueous soil extract in de-ionised water (1:2.5 soil:water) 
at 25°C. SOM content was analysed by rapid dichromate oxidation of organic 
carbon (Walkley and Black, 1934) and ultraviolet-visible spectroscopy. Organic N 
was determined by the Kjeldahl’s method (Bremmer and Mulvaney, 1982). For 
texture analysis, absence of CaCO3 was checked by adding a drop of HCl (1:1), and 
organic matter was removed by oxidation (6% H2O2). Later, the sand fraction was 
determined by sieving (0.05 - 2 mm), the clay fraction (<0.02 mm) was determined 
by the Bouyoucos method (Guitián and Carballas, 1976) and the silt fraction (0.02 - 
0.05 mm) was determined by the difference between 100% and the proportion of 
clay and sand fractions.  
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Available macroelements (Ca, Mg, Na and K) were determined as in Thomas (1982); 
available Ca, Mg, Na and K were extracted with an ammonium acetate solution 
(NH4C2H3O2, 1 N) and lanthanum oxide (La2O3, 0.3%) to remove the matrix effect. 
Ca and Mg concentrations were determined by atomic absorption 
spectrophotometry, and Na+ and K+ by atomic emission spectrophotometry using 
an atomic absorption spectrophotometer Perkin Elmer Analyst 100/300. 
For soil WR analysis, 20 g of each fine earth sample and sieve fractions were placed 
in Petri dishes. Persistence of soil WR was determined by the water drop 
penetration time (WDPT) test (Wessel, 1988). Ten drops of distilled water were 
placed on the soil surface, and time for complete infiltration was recorded. The 
average time was considered representative for each case, and soil WR was 
classified according to Bisdom et al. (1993): wettable (WDPT<5 s), slight WR (5 
≤WDPT<60 s), strong WR (60 ≤WDPT 600 s), severe WR (600 ≤WDPT<3600 s) and 
extreme WR (WDPT ≥ 3600 s). Water drops were applied with an automatic 
micropipette onto the soil surface from a height of approximately 5mm to avoid 
excess kinetic energy affecting soil-droplet interactions. 
Pyrolysis-gas GC/MS was performed using a double-shot pyrolyzer (Frontier 
Laboratories, model 2020i) attached to a GC/MS system Agilent 6890 N. Soil 
samples 1 - 2mg in weight were placed in small crucible capsules and introduced 
into the furnace, which was preheated at 500 °C for 1 min. The evolved gases were 
then directly injected into the GC/MS for analysis. The GC was equipped with a low-
to-mid polarity-fused silica capillary column (J/W Scientific) of 30m× 250 μm× 0.25 
μm film thickness (Ref. DB-1701). The oven temperature was held at 50 °C for 1 min 
and then increased to 100 °C at 30 °C min-1, from 100 °C to 300 °C at 10 °C min-1, 
and stabilised at 300 °C for 10 min using a heating rate of 20 °C min-1 in the scan 
modus. The carrier gas was helium at a controlled flow of 1mL min-1. The detector 
consisted of an Agilent 5973 mass selective detector, and mass spectra were 
acquired with a 70 eV ionising energy. Compound assignment was achieved via 
single ion monitoring for various homologous series, via low-resolution MS and via 
comparison with published and stored (NIST and Wiley libraries) data. Traces 
corresponding to selected homologous series of biomarkers families were obtained 
by single ion monitoring of characteristic ions, such as ion at m/z 57 for n-alkanes, 
m/z 55 for alkenes and ion at m/z 73 for n-alkanoic acids (fatty acids). 
The ACL is an estimation of the average number of carbons in a hydrocarbon chain 
and was calculated according to the following formula: 
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𝐴𝐶𝐿 =
∑ 𝑛×[𝐶𝑛]
∑[𝐶𝑛]
     1) 
 
Where: n is the number of carbon atoms and [Cn] is the concentration of each 
alkane or alkene (Poynter and Eglinton, 1990). 
The CPI is an estimation of the relative abundance of odd to even C chain numbers 
and is applied to alkylic chains, CPI>1 means that odd C chain numbers prevail over 
even numbered and the main input of organic matter to the soil is of vegetal origin. 
In this research, CPI was calculated separately for long and short chain molecules 
as: 
𝐶𝑃𝐼 =
∑[𝐶𝑛 𝑜𝑑𝑑]
∑[𝐶𝑛 𝑒𝑣𝑒𝑛]
     2) 
 
 
Where: [Cn odd] is alkane or alkene abundance of odd numbered C chain 
and [Cn even] is alkane or alkene of even numbered C chain (Bray and Evans, 1961). 
 
3.2.4 DATA ANALYSIS 
Shapiro - Wilk and Brown - Forsyth tests were used, respectively, to check the 
normality and homogeneity of WDPT data distribution. As these assumptions were 
not met, a non-parametric test was used (Kruskal - Walis test) to study significant 
differences among groups. After rejecting the null hypothesis of Kruskal - Wallis 
test, post hoc comparisons were carried out (Boferroni’s test). All statistical tests 
were performed using the software ‘Statgraphics Centurion’, version 16 (StatPoint 
Technologies, 1982 - 2011). 
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3.3 RESULTS AND DISCUSSION 
3.3.1 PHYSICOCHEMICAL CHARACTERISATION OF SOILS 
Table 1 shows the physicochemical characterisation of QS, PA, PP and HH soil 
samples (<2 mm). Soil acidity varied in a narrow interval between slightly acid (pH 
6.4; QS and PA samples) and neutral (pH 7.0; HH samples). SOM content was very 
high in QS samples (35.0%) but varied between 2.9% (PP) and 6.2% (PA) in the rest 
of samples. Similar results have been described in the study area by Zavala et al. 
(2009a). N-Kjeldahl varied between 0.04% (PP) and 1.04% (QS). Soil texture was 
sandy, with sand percentages above 99% in all cases. According to Siljeström et al. 
(1994), these soils have been described as Typic Xeropsamments.  
Generally, available Ca showed the highest concentration in soil samples, with 
average values ranging between 0.15 (PP and HH) and 1.13 g kg-1 (QS). Available Ca 
content was five times higher in QS samples than in PA samples and more than 
seven times higher than in PP or HH samples. Available Mg content ranged between 
0.01 (PP) and 0.23 g kg-1 (QS). Na and K varied in a narrower range (0.05 - 0.07 and 
0.02 - 0.41 g kg-1, respectively). 
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3.3.2 SOIL WATER REPELLENCY AND SOIL ORGANIC MATTER 
SOIL WATER REPELLENCY 
Table 1 shows the WDPT results from fine earth samples. WDPT ranged from 41 
(HH, slight WR) to 619 s (QS, severe WR). Table 2 shows the results of the Kruskal - 
Wallis analysis of soil WR observed in sieve fractions from soils under QS, PA, PP 
and HH. For all sieve fractions, QS samples showed the highest WDPT values (122 
to 2196 s), whereas lower values were observed in HH samples (0 to 720 s). Despite 
the low complexity of the soil, there was not a homogeneous WR behaviour within 
each sieve size fraction (Table 2). No significant differences were found between 
median WDPT from the coarsest (1-2 mm) and finest (<0.05mm) sieve fractions of 
QS samples (728 and 806 s, respectively), nor between the medium size fractions 
(about 1800 s, severe WR). Median WDPT values varied between 208 (0.25 - 1 mm) 
and 657 s (<0.05 mm) in PA samples, 32 (0.05-0.25 mm) and 448 s (<0.05 mm) in 
PP samples and 0 (0.05-0.25 mm) and 160 s (<0.05 mm) in HH samples. WR from 
sieve fractions from PP samples were significantly different, whereas no significant 
differences were found between median WDPT values 0.05-0.25 (0 s, wettable), 1-
0.25 (7 s, slight WR) and 1-2 mm (42, slight WR) sieve fractions from HH samples, 
where the finer fraction showed the highest WDPT value (160 s, strong WR).  
In PA, PP and HH samples, the most severe WR was observed in the finest fraction 
(<0.05mm) with WDPTs between 160 (HH) and 657 s (PA). In contrast, although all 
sieve fractions from QS samples were classified as severely water-repellent, longer 
WDPTs were observed in the intermediate size fractions (0.25 - 1 and 0.05 - 0.25 
mm). 
Spatial variation of soil WR has been reported by different author’s soils under 
pines (Huffman et al., 2001; Mataix-Solera and Doerr, 2004; Mataix-Solera et al., 
2007; Hubbert et al., 2006) and broad-leaved trees (Reeder and Jurgensen, 1979; 
Buczko et al., 2002; Jordán et al., 2008). Moral García et al. (2005), using the WDPT 
method, observed around 50% of water-repellent soil samples under field 
conditions in the first 10 cm of soil depth and extreme soil WR under laboratory 
conditions. In burnt and unburnt plots from the study area, Zavala et al. (2009a) 
characterized soil WR in the 0- to 3-cm soil layer by direct determination of contact 
angles and reported wettable to slightly water repellent soil samples under shrubs 
and herbaceous vegetation and slightly to severe water-repellent samples under 
pines. According to this research and results reported by the research of Zavala et 
al. (2009b) and Moral García et al. (2005), soil WR in the study area is conditioned 
by vegetation type; it may be suggested that, under laboratory conditions, soil WR 
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in the study area varies according to the following order: herbaceous 
vegetation>shrubs>pine forest>oak forest. WR from soils under Pteridum 
aquilinum was similar to that observed under pines in the laboratory, although 
field-moist samples were wettable because of high moisture content. 
 
Table 2: Statistic analysis of soil water repellency (assessed by the water drop 
penetration time test) of different aggregate sieve fractions. 
Vegetation Sieve 
fraction 
(mm) 
N Median Minimum Maximum Range Kruskal-
Wallis, p 
QS 1-2 10 728 a 122 980 858 
0.0009 
0.25-1 5 1840 b 969 2196 1227 
0.05-0.25 5 1803 b 1754 1837 83 
<0.05 5 806 a 723 1035 312 
PA 1-2 10 458 b 369 695 326 
0.0005 
0.25-1 5 208 a 175 380 205 
0.05-0.25 5 290 a 251 297 46 
<0.05 3 657 c 653 660 7 
PP 1-2 10 345 c 319 385 66 
0.0001 
0.25-1 5 98 b 55 101 46 
0.05-0.25 5 32 a 27 39 12 
<0.05 4 448 d 422 569 147 
HH 1-2 10 42 a 25 64 39 
0.0001 
0.25-1 5 7 a 3 8 5 
0.05-0.25 5 0 a 0 0 0 
<0.05 4 160 b 76 720 644 
Median water drop penetration time values from soils under the same vegetation species 
followed by the same letter did not show significant differences. QS, Quercus suber; PA, 
Pteridium aquilinum; PP, Pinus pinea; HH, Halimium halimifolium. 
SOIL ORGANIC MATTER CONTENT FROM SIEVE FRACTIONS 
Soil organic matter content of sieve fractions under different vegetation types is 
shown in Table 3. Generally, higher SOM contents were observed in sieve fractions 
from QS soil samples. In all cases, the major amount of oxidizable SOM was found 
in the finer fraction (<0.05 mm), with values varying between 20.9% (PP) and 46.9% 
(QS). In contrast, the lowest SOM content was found in the 0.25 - 1 mm sieve 
fractions: 0.0% (PA and PP samples), 2.0% (HH) and 26.8% (QS). It has been reported 
that SOM content is usually higher in macroaggregates than in microaggregates (Six 
et al., 2000; Yamashita et al., 2006), even when microaggregate-protected SOM is 
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relatively high (Six et al., 2002). However, these interpretations may not be valid in 
the case of the sandy soils studied in this research, where the silt + clay fraction is 
below 1% (Table 1). In our case, SOM seems to be preferably associated with finer 
aggregates or free mineral particles, not in coarser sand particles. The greater SOM 
concentration in finer particles may contribute to explain their strong contribution 
to WR. 
 
Table 3: Soil organic matter (SOM) and alkane chain length (ACL) average in the 
pyrolysates of soil sieve fractions under different studied vegetation types. 
Vegetation Sieve fraction (mm) SOM (%) ACL 
QS 1-2 35.0 19.3 
 0.25-1 26.8 18.5 
 0.05-0.25 37.2 18.6 
 <0.05 46.9 18.2 
PA 1-2 6.2 17.3 
 0.25-1 0.0 ND 
 0.05-0.25 17.0 16.7 
 <0.05 27.4 16.6 
PP 1-2 2.9 16.5 
 0.25-1 0.0 ND 
 0.05-0.25 7.3 17.1 
 <0.05 21.0 16.4 
HH 1-2 3.4 19.0 
 0.25-1 2.0 17.0 
 0.05-0.25 3.7 18.1 
 <0.05 25.0 18.0 
ND, not determined. QS, Quercus suber; PA, Pteridium aquilinum; PP, Pinus pinea; HH, 
Halimium halimifolium. 
 
ANALYTICAL PYROLYSIS 
In our study, the amount of organic matter solely cannot fully explain the observed 
WR behavior. Therefore, there must be other factors than total SOM influencing 
soil WR. It is commonly accepted that soil WR is caused by organic substances 
covering more or less homogeneously the surface of mineral particles and 
aggregates (Ma’shum et al., 1988; Bisdom et al., 1993), or they are present in soil 
as interstitial substances (McGhie and Posner, 1981; Franco et al., 2000). Analytical 
pyrolysis allows the study of specific features and molecular assemblages within 
the organic matter in each soil sieve fraction. The majority of compounds released  
ORGANIC MATTER FRACTIONS CONTROLLING SOIL WATER REPELLENCY IN SANDY SOILS  
67 
 
 
 
 
 
Fi
gu
re
 1
0
. 
Ex
am
p
le
 o
f 
th
e 
an
al
yt
ic
al
 p
yr
o
ly
si
s 
(P
y-
G
C
/M
S)
 c
h
ro
m
at
o
gr
am
s 
co
rr
e
sp
o
n
d
in
g 
to
 t
h
e 
1
-2
 
m
m
 a
gg
re
ga
te
 s
ie
ve
 f
ra
ct
io
n
 c
o
lle
ct
e
d
 u
n
d
e
r 
P
in
u
s 
p
in
ea
 (
P
P
).
 (
a)
 T
o
ta
l i
o
n
 c
h
ro
m
at
o
gr
am
 (
TI
C
) 
an
d
 
si
n
gl
e 
cu
rr
en
t 
io
n
 c
h
ro
m
at
o
gr
am
s 
fo
r 
(b
) 
fa
tt
y 
ac
id
s 
(i
o
n
 7
3
.0
0
) 
an
d
 (
c)
 a
lk
an
e
/a
lk
en
e
 (
io
n
 5
7
.0
0
 -
 
5
5.
00
) 
p
ai
rs
. 
CHAPTER 3 
68 
by pyrolysis from soil samples can be assigned to a single known source and may 
be used as markers for detecting differences in the composition of SOM (Almendros 
et al., 1997). Using analytical pyrolysis, we were able to detect more than 150 
different organic compounds in the soil samples (data not shown). However, this 
study focuses on relatively simple molecular assemblages of hydrophobic 
structures commonly occurring in SOM: n-alkane/alkene pairs with characteristic 
ion mass m/z 57.00 and m/z 55.00, respectively, and n-alkanoic acids with the 
characteristic fragment ion at m/z 73.00 uma. As an example, the total ion 
chromatogram and single current ionchromatogram for FAs and alkanes released 
after pyrolysis are shown in Figure 10. 
The CPI and ACL indexes have been used previously as indicators of the source and 
evolution of SOM (Cranwell, 1973). Figure 11 shows the n-alkane CPI of soil sieve 
fractions under the four different vegetation types. All analysed fractions showed 
CPI>1, indicating they are predominantly of plant origin (Eglinton et al., 1962). For 
the 0.25 - 1 mm fraction of PP samples, no alkane/alkene pairs were detected. It 
has been previously suggested that the number of long-chain even C numbered FAs 
(LCE-FAs) could be responsible for soil WR (Ma’shum et al., 1988; Hudson et al., 
1994; Roy et al., 1999; Franco et al., 2000; Horne and McIntosh, 2000; De Blas et 
al., 2013). Figure 12 shows the FA distribution found in each of the soil samples. 
Coarser soil fractions (1 - 2 mm) under PA, PP and HH showed the highest LCE-FA 
number, with PP sample showing the highest number (5 LCE-FA), followed by PA 
sample (3 LCE-FA) and finally HH (2 LCE-FA). For QS samples, the largest number of 
LCE-FA (3) was found in the 0.05-0.25 mm sieve fraction. In samples for which FAs 
were detected, the hexadecanoic acid (palmitic acid C-16) was always present. In 
contrast, no FAs were detected in HH 0.25 - 1, 0.05 - 0.25 and <0.05 mm fractions 
nor in PP 0.25 - 1 mm fraction. Table 3 plots the values corresponding to the ACL of 
n-alkanes from the different soil fractions under the four contrasting vegetation 
covers. ACL of PA and PP samples are smaller than those reported for QS and HH. 
In addition, differences were also observed between the ACL values comparing 
different soil sand size fractions. In general, the greater the size fraction the greater 
ACL was measured for the same vegetation cover. This could be explained by the 
relative enrichment of the coarse size fraction in fresh organic matter, which is less 
microbially and physically degraded. This assumption is in agreement with the 
higher CPI values of coarse fraction in comparison for the smallest fraction. We 
assume that the organic matter present in the smaller fractions is relatively more 
degraded than in coarse fraction, which could be related to the higher soil WR of 
the latter. According to Jambu et al. (1995), a greater soil hydrophobicity can be 
related to a decline in the rate of organic matter degradation. The intermediate 
sand size fraction presented intermediate values for both ACL and CPI parameters.  
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Figure 11. Alkane carbon preferency index (CPI) as identified in the pyrograms for 
each sieve fraction under Quercus suber (QS), Pteridium aquilinum (PA), Pinus 
pinea (PP) and Halimium halimifolium (HH). 
 
 
Figure 12. Relative abundance of fatty acids as identified in the pyrograms for 
each sieve fraction under Quercus suber (QS), Pteridium aquilinum (PA), Pinus 
pinea (PP) and Halimium halimifolium (HH). 
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RELATION BETWEEN SOIL ORGANIC MATTER AND WATER REPELLENCY 
Figure 13 shows the relationship between soil WR, showed as Log (WDPT + 10), and 
SOM content in sieve fractions from all soil samples. Three regions can be visually 
identified: region 1 includes soil samples with more severe WR and higher SOM 
content, which corresponds to QS sieve fractions; region 2 includes samples with 
intermediate soil WR/SOM ratios, which corresponds to the finer sieve fractions of 
PA, PP and HH samples and 0.05 - 0.25 mm fraction of PA sample; finally, region 3 
includes SOM poor samples (SOM ≤ 7.3%) without a clear relationship between soil 
WR and organic matter content. When all sieve samples were considered, an 
exponential positive correlation was observed between Log (WDPT + 10) and SOM 
%. This is in agreement with previous findings that found strong relationships 
between WR and SOM in the study area (Moral García et al., 2005; Zavala et al., 
2009a) and in other cases (Bisdom et al., 1993; Mataix-Solera and Doerr, 2004; 
Martínez-Zavala and Jordán-López, 2009). 
Severe to strong WR found in QS fractions may be due to the high percentage of 
organic matter present in each fraction (ranging from 26.8 - 46.9%). SOM content 
may also be influencing WR in the fine fractions (<0.05), which showed the highest 
SOM content (>20% in all cases). In PA, PP and HH samples, SOM effect does not 
explain WR in all soil size fractions, that is, high WR is found in some coarser 
fractions (1-2 mm) with relatively low SOM contents (PA 6.2%; PP 2.9%) than in 
other fractions with higher SOM content. This may be attributed to a lower degree 
of evolution of SOM with the presence of a higher number of FA (Figure 14) and a 
higher alkane/alkene CPI (Figure 11) (De Blas et al., 2013). 
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Alcornoque en la zona de control adyacente al 
área de Matasgordas, quemada en el verano de 
2012  
Parque Nacional de Doñana, Huelva 
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4 THE EFFECT OF FIRE ON SOIL CARBON AND 
HYDROGEN STABLE ISOTOPE COMPOSITION. 
BULK SOIL AND PARTICLE SIZE FRACTIONS 
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4.1 INTRODUCTION 
Fire is widely considered one of the main disturbing factors of many types of 
ecosystems around the world (e.g. Neary et al., 1999; Bond and Keeley, 2005; 
Certini, 2005; Zavala et al., 2014a). Mediterranean ecosystems, mainly dominated 
by dry and hot summers, are prone to fire effects (Moreno and Oechel, 1994; De la 
Rosa et al., 2008). On average, up to 50,000 forest fires per year are recorded in 
Mediterranean ecosystems, affecting to approximately 400,000 ha (San-Miguel-
Ayanz et al., 2013). Nevertheless, these numbers might increase in the next years 
due to global warming and climate change (Turco et al, 2014; Kalabokidis et al, 
2015). 
Fire produce changes in water dynamics, flora, fauna and air are clear (Neary et al., 
2005). In addition, fire exerts direct impacts on soils mainly through the combustion 
of organic matter, the most reactive soil component, and secondarily by the 
alteration of other elements in the ecosystem (i.e. vegetation and water; Neary et 
al., 1999; González-Pérez et al., 2004). 
Usually, fire effects are only noticeable in the first millimeters of the soil profile, 
with little or non-effect on deeper layers (Jordán et al., 2011). This fact is due to the 
remarkable heat insulator character of soils (DeBano et al., 1998; Badía et al., 
2014a). However, this thin shallow layer is where most soils store the largest 
amount of organic material. SOM may be stored in different carbon pools 
(Balesdent and Mariotti, 1996). Three different carbon fractions can be 
distinguished: active labile and active intermediate, which may remain in the soil 
for years or decades, and passive or refractory, remaining in soil for centuries to 
millennia (Balesdent and Mariotti, 1996). The last one is located the so called black 
carbon (BC). BC is defined as a continuum from partly charred plant material 
through char and charcoal to graphite and soot particles condensed from the gas 
phase, with high biological and chemical resistance to degradation (Goldberg, 1985; 
Masiello, 2004; Knicker et al., 2008).  
Wildfires produce both quantitative and qualitative changes to SOM (González-
Pérez et al., 2004; Czimczik and Masiello, 2007; Knicker, 2007), and related 
properties, as aggregation (Mataix-Solera et al., 2011; Jiménez-Pinilla et al., 2016a). 
However, SOM transformations caused by fire largely depends upon fire 
characteristics (type, heating duration and temperature, oxygen availability, etc.) 
(Bryant et al., 2005; Tsibart et al., 2014; Araya et al., 2016; Santín et al., 2016) and 
soil and terrain physicochemical factors (geomorphology, climatic conditions, type 
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of fuel available, moisture or water content in the soil, etc.) (Certini et al., 2005; De 
la Rosa et al., 2008a). 
Alterations of the SOM quality are owed to loss and/or modification of labile 
organic compounds (e.g. removal of carbohydrates and defunctionalization of 
lignin compounds), as well as to the additional input of partly burnt material (char 
and BC) from vegetation and soil biomass (González-Pérez et al., 2004). 
The natural abundance of light elements, stable isotopes, and particularly of 
carbon, has been widely used to investigate the source and evolution (including 
turnover time) of organic materials in soils. This is mainly based on the existing 
divergence in heavy carbon isotope (13C) composition among plants (autotrophic 
activity) with different photosynthetic pathways (C3 and C4), and changes caused by 
heterotrophic activity (Balesdent and Mariotti, 1996; Bird and Pousai, 1997; Bird et 
al., 2002; Brüggermann et al., 2011).  
Other factors may also alter the isotopic composition of soil organic carbon. In fire-
affected systems, isotopic composition of soil carbon has been studied in 
connection with vegetation changes of C3 and C4 photosystem plan species (Bird et 
al., 2000). In addition, the proportion of stable carbon isotopes has been also used 
to explore the isotopic fractionation produced by fire on foliar biomass. There is 
controversy about the origin of the different isotopic fractionation trends observed 
in the biomass burnt, either under natural or laboratory conditions, which is usually 
related to the type of fuel (Bird and Ascough et al., 2012).  
The current knowledge about how fire affects different soil carbon pools due to 
inputs of charred and/or fresh biomass from the vegetation is still poorly 
understood. This gap in knowledge may be partly due to the high chemical 
complexity of SOM and associated difficulties for its study. New techniques as 
Pyrolysis-Compound Specific Isotopic Analysis (Py-CSIA) may be useful to shed light 
on this problem (González-Pérez et al., 2015ab). 
Hydrogen is another element with largely varying proportion of stable isotopes in 
biomass (protium 1H and deuterium 2H). During evaporation, water molecules 
bearing the light (1H) isotope are released first to the vapor phase, leading to 
increased proportion of the heavy (2H) isotope in the remaining water (Sachse et al 
2012). Research on the hydrogen isotope composition of SOM, because its relation 
with the water cycle has served to assess past and modern climate changes (Gat 
and Tzur, 1967; Yang and Leng, 2009; Négrel and Petelet-Giraud, 2011) and can 
provide information about water dynamics in the ecosystems through soil-plant-
atmosphere continuum (Epstein et al., 1977; Gat and Matsui, 1991; Yepez et al., 
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2003). However, to the best of our knowledge, hydrogen isotopic composition has 
not been used before to assess the alterations produced by fire in SOM and in the 
burnt/charred biomass. 
In this work, we make a comprehensive study of the isotopic composition of light 
elements (C and H) in different size fractions of fire-affected and unaffected soils. 
Our main objectives were: i) to assess fire impacts on foliar biomass and organic 
matter from particle soil fractions; ii) to evaluate the effect of burnt biomass inputs 
to soil after fire and, iii) to explore the possible use of the stable C and H isotope 
composition of SOM as a new proxy to evaluate fire effects biomass and SOM. 
4.2 MATERIALS AND METHODS 
4.2.1 SAMPLING AREA  
Soil samples were collected in the Doñana National Park (Southwestern Spain), 
where fire is a recurrent perturbation and the cause of severe impacts in ecosystem 
morphology and spatial distribution of vegetation (Granados, 1985). The exact 
sampling site is the ‘Matasgordas’ area (37.11636 oN, -6.43177 oW), under 
Mediterranean climate with oceanic influence. This results in mild temperatures, 
and relatively high humidity together with an amount of rainfall compared to inland 
(Siljeström & Clemente, 1990). The average annual rainfall is 830 mm, with 77% of 
precipitation concentrated between October and March, and mean air 
temperature of 16.9 oC. The soil pH ranges between 6 and 7 (Jiménez-Morillo et al., 
2016a). The sampling point was affected by an intense wildfire in August of 2012 
that affected more than 300 ha. The soil type is Arenosol (IUSS Working Group 
WRB, 2015) with more than 99% of aeolian sand (Holocene) covering gravels and 
other sandy sediments (Pliocene-Pleistocene). This was considered an advantage 
for this study, as homogeneity of substrate limits the number of variables that may 
affect the study of the SOM isotope composition and helps to better understanding 
the effects of forest fires in soil. Composite soil samples were collected in October 
2014 under the canopy of cork oak (Quercus suber; QS) in the burnt (B) and the 
adjacent unburnt area (UB) as control. Each soil sample was made by combining 
five sub-samples (0-30 mm) collected after removing the upper most litter layer 
within a circular area of approx. 20 m2. At the same time, leaf and cork biomass 
were directly sampled from well-developed trees in the B and UB sites. Plant and 
soil materials were transported in glass containers, to avoid contamination by 
phthalate compounds from plastic containers, air-dried under laboratory 
conditions (25 oC and ca. 50% relative humidity) during a one week. Soil material 
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was sieved to fine earth (<2 mm; Bulk) in order to discard gravel and litter 
fragments. Each bulk sample was further dry-sieved into six sub-fractions (1 - 2, 0.5 
- 1, coarse; 0.25 - 0.5, 0.1 - 0.25, 0.05 - 0.1, medium; and < 0.05 mm, fine). 
4.2.2 BULK CARBON AND HYDROGEN STABLE ISOTOPIC ANALYSIS (IRMS) 
The carbon and hydrogen isotope composition (13C/12C and 2H/1H, respectively) of 
the bulk B and UB biomass and particle size fractions were determined by elemental 
analysis/isotope ratio mass spectrometry (EA/IRMS). The EA/IRMS system 
consisted of a Flash 2000 HT elemental analyzer (Thermo Scientific, Bremen, 
Germany) with two reactors: i) combustion (C, N and S), and ii) pyrolysis (H and O). 
The elemental analyzer is coupled by a ConFlo IV (Thermo Scientific) continuous 
flow open split interface to a Delta V Advantage isotope ratio mass spectrometer 
(Thermo Scientific). Carbon isotope analysis used helium (He) as carrier gas at a 
flow rate of 80 mL min-1, while for hydrogen isotope analysis the helium flow was 
set at 120 mL min-1. Samples of the fire-affected and control biomass and of soil 
particle size fractions (0.5 to 5 mg) were weighed in cups (IVA Analysentechnik 
GmbH & Co. KG, Meerbusch, Germany) made of tin for carbon and of silver for 
hydrogen analysis. Cups were closed, folded, pressed to a small size and loaded in 
a MAS 200R (Thermo Scientific) automatic sampling carrousel. Appropriate 
calibration standards were prepared in the same manner and placed within batches 
of samples.  
For carbon isotope analysis the cups were flush-combusted and flush-reduced 
concurrently under a helium carrier steam and oxygen pulse at 1020 oC in a quartz 
reactor filled with chromium oxide (Cr2O3), silvered cobaltous-cobaltic oxide (Ag 
(Co3O4)) and reduced copper (Cu). Gases were dried through a 10-cm long glass 
column filled with anhydrous magnesium perchlorate (Mg (ClO4)2), and then 
directed through a stainless steel gas chromatography column (3 m long, 4 mm in 
diameter) packed with Porapack stationary phase at 40 oC for separation of CO2, 
whose isotopic composition was analyzed by a Delta V Advantage isotope ratio 
mass spectrometer. Pure CO2 gas was inserted into the He carrier flow as pulses of 
the reference gas (250 mL min-1). 
For hydrogen isotope ratios the samples were analyzed using the pyrolysis (HT) 
reactor. This consists of an outer ceramic (Al2O3) tube and an inner glassy carbon 
reactor tube filled with highly pure glassy carbon granulates and silver and quartz 
wood. The silver cups were dropped sequentially under a steam of He into the 
reactor tube held at 1450 oC. Gases produced by pyrolysis were passed through a 
10-cm long glass column filled with a mixture of anhydrous magnesium perchlorate 
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(Mg (ClO4)2), to dry the gas, and Carbosorb, to trap CO2 generated during the 
pyrolysis reaction. The dry pyrolysis gases were directed through a stainless steel 
gas chromatography column (3 m in length and 4 mm in diameter) packed with 
Porapack stationary phase at 70 oC for the separation of H2. The isotopic 
composition of H was analyzed using a Delta V Advantage isotope ratio mass 
spectrometer. Pure H2 gas was inserted into the He carrier flow as pulses of the 
reference gas (250 mL min-1). 
The stable isotope abundances are reported in the delta (δ) notation (e.g., δ13C and 
δ2H) in variations relative to an international standard. The isotope value is defined 
by Coplen (2011): 
 
    3) 
 
Where R is the molar ratio of the heavy (iE) to light (jE) most abundant isotope of 
chemical element E (e.g. 13C/12C, 2H/1H). The δ values are reported in part per 
thousand (‰). The used stable isotope standard are the Vienna Pee Dee Belemnite 
limestone (VPDB) for carbon and the Vienna Standard Mean Ocean Water 
(VSMOW) for hydrogen (standards are recognized by the International Atomic 
Energy Agency, IAEA; Valkiers et al., 2007). The standard deviation of bulk δ13C and 
δ2H were ± 0.1 and 1.0‰ respectively. Duplicate samples were analyzed to obtain 
its average and standard deviation. Isotopic fractionation (Δ) is defined as the 
partitioning of stable isotopes between two substances A and B (Hoefs, 1997) as 
expressed in the next equation: 
  
       4) 
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4.3 RESULTS  
4.3.1 CARBON ISOTOPE COMPOSITION (δ13C) OF FIRE-AFFECTED BIOMASS 
The stable C isotope composition and isotope fractionation values produced after 
fire in the main litter sources (cork bark and leaves) are shown in Figure 14. Both B 
and UB materials showed a δ13C value in the C3 vegetation range (between -25‰ 
and -30‰). Cork was enriched significantly in 13C, as compared with leaves. Burnt 
leaves showed the lowest δ13C value (δ13CB leaf= -29.2 ± 0.3‰), in contrast to burnt 
cork (δ13CB cork= -25.3 ± 0.1‰). Fire produced a significant 13C-depletion in leaf (Δ13CB 
leaf-UB leaf = -0.7‰ and a conspicuous 13C-enrichment in the suberized cork tissue 
(Δ13CB cork-UB cork = 1.9‰). 
 
 
Figure 14. Carbon isotope composition (δ13C vs VPDB) of cork oak (Quercus suber) 
biomass (cork and leaf) affected and not affected by a forest fire. Error bars 
indicate STD. Numbers in the bottom of graphic indicate carbon isotope 
fractionation (Δ13C) between burnt and unburnt samples. 
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4.3.2 CARBON ISOTOPE COMPOSITION (δ13C) OF FIRE-AFFECTED BULK SOIL AND 
PARTICLE-SIZE FRACTIONS 
The carbon isotope composition of SOM in bulk soil samples was significantly 
different between burnt and control soil samples (Figure 15). UB bulk soil showed 
a lower 13C composition than B bulk sample (Δ13CB soil-UB soil = 1.3‰). This trend is 
consistent for all particle size fractions, with B samples 13C enriched with respect 
to UB counterpart (Δ13CB-UB fractions > 0‰). We also observed significant differences 
among sieved soil fractions. In UB soil, the coarse fractions (1 - 2 and 0.5 - 1 mm) 
showed the lowest 13C content (-28.8 ± 0.1 and -28.7 ± 0.3‰, respectively), while, 
the fine fractions (<0.1 mm) showed the highest (-27.7 ± 0.0 and -27.3 ± 0.0‰). This 
trend is similar for both B and UB soil samples (Δ13C<0.05 mm-1-2 mm ≈1.2‰). On the 
other hand, the average values of δ13C, for B and UB soil sieve fractions, are 
coincident with that of the bulk soil (δ13CB soil = -26.9 ± 0.5‰ and δ13CB fractions = -27.1 
± 0.7‰; δ13CUB soil = -28.2 ± 0.1‰ and δ13CUBfraction = -28.1 ± 0.6‰). 
 
 
Figure 15. Carbon isotope composition (δ13C vs VPDB) of burnt and unburnt whole 
(Bulk) soil and corresponding particle size fractions. Error bars indicate STD. 
Numbers in the bottom of graphic indicate carbon isotope fractionation (Δ13C) 
between burnt and unburnt samples. 
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4.3.3 HYDROGEN ISOTOPE COMPOSITION (δ2H) OF FIRE-AFFECTED BIOMASS 
There were relevant differences between the stable hydrogen isotope composition 
and isotope fractionation values of the main burnt litter sources (cork and leaf) 
(Figure 16). Unburnt leaves showed 2H enrichment (δ2H = -76.2 ± 0.5‰), with a 
marked difference with the unaffected cork tissue (Δ2HUB cork-UB leaves = -76.3‰). 
Fire-affected leaves and cork, show a similar behavior to that observed in the 
unburnt samples with small but significant 2H-enrichment (Δ2HB cork-UB cork = 3.5‰ 
and Δ2HB leaf-UB leaf = 4.9‰). 
 
 
 
 
Figure 16. Hydrogen isotope composition (δ2H vs VSMOW) of cork oak (Quercus 
suber) biomass (cork and leaf) affected and not affected by a forest fire. Error bars 
indicate STD. Numbers in the bottom of graphic indicate carbon isotope 
fractionation (Δ2H) between burnt and unburnt samples. 
  
THE EFFECT OF FIRES ON SOIL CARBON AND HYDROGEN STABLE ISOTOPE COMPOSITION. 
85 
4.3.4 HYDROGEN ISOTOPE COMPOSITION (δ2H) OF FIRE-AFFECTED BULK SOIL 
AND PARTICLE-SIZE FRACTIONS 
The UB bulk soil was 2H enriched when compared with the B bulk soil (Δ2HB soil-UB soil 
= -20.1‰) (Figure 17). In contrast to carbon isotope composition (section 4.3.2), 
the particle size fractions did not show the same behaviour with fractions following 
different trends. The UB coarse fractions (1-2 and 0.5-1 mm) have relatively low δ2H 
concentration (-93.3 ± 1.8 and -85.1 ± 2.2‰ respectively). On the opposite hand, 
fine fractions (>0.5 mm) are enriched in δ2H with proportions ranging between -
51.4 ± 11.0 (0.1-0.25 mm) and -45.0 ± 1.5‰ (0.05-0.1 mm). δ2H richness in these 
sieve fractions is similar to the observed in UB bulk soil samples(-42.7 ± 0.6‰).  
 
 
 
Figure 17. Hydrogen isotope composition (δ2H vs VSMOW) of burnt and unburnt 
whole (Bulk) soil and corresponding particle size fractions. Error bars indicate 
STD. Numbers in the bottom of graphic indicate carbon isotope fractionation 
(Δ2H) between burnt and unburnt samples 
CHAPTER 4 
86 
The B particle size fractions showed two different tendencies: i) 2H-enrichment in 
coarse and medium fractions (> 0.5 mm; -80.1 ± 8.6‰); and, ii) 2H-depletion in the 
fine fractions (≤ 0.1 mm; -56.4 ± 3.1‰). UB and B samples showed similar δ2H 
values for the 0.1-0.25 mm fraction (-51.4 ± 11.0 and -52.6 ± 9.1‰ respectively). 
This, together with the relatively high dispersion observed in both samples, may 
indicate that this fraction represents an inflection point where a shift in δ2H 
composition occurs between B and UB particle size fractions. 
4.4 DISCUSSION 
4.4.1 EFFECT OF BURNING IN δ13C ON BIOMASS AND SOIL ORGANIC MATTER 
(BULK AND PARTICLE-SIZE FRACTIONS) 
Chemical transformation of organic material -both fresh and humified- is one of the 
most relevant fire impacts in the environment. It leads to the formation of stable- 
recalcitrant organic compounds and complete destruction of labile compounds. 
Other well-known effect is related with modifications of SOM composition caused 
by new inputs of fresh or partially charred biomass from litter and above-ground 
vegetation and other materials, as flying soot (Almendros et al., 2003; González-
Pérez et al., 2004; Knicker et al., 2005). Such SOM transformation varies largely 
depending upon a number of other factors like burning and weather conditions, soil 
type, fuel available and its chemical composition (De la Rosa et al., 2008a). 
Concerning this work, cork and leaf tissues may be considered as the main fuel 
sources affecting SOM. The effect of fire on both materials causes different impacts 
probably related with differences in their composition. The main component of 
cork is suberin, an aliphatic bio-polymer composed mainly of a crosslink alkyl and 
polyphenolic lignin-like domains and hemicellulose (carbohydrate-like compounds) 
(Pereira, 1988; Rocha et al., 2001). On the other hand, leaf tissue is composed 
mainly by early products of the autotroph metabolism like carbohydrates, lignin 
and lipid compounds that, mostly, form part of epicuticules, the most outer 
protection layers (e.g., long-chain alkanes, alcohols, ketones, aldehydes, esters, and 
acids) (Eglinton et al., 1962).  
The chemical composition of the main fuel sources may also influence the isotopic 
composition of SOM in burnt areas. Each chemical type of compounds in biomass 
exhibits a distinct δ13C value. Carbohydrates, for example, are isotopically 13C 
enriched (Park and Epstein, 1961; Schleser, 1990), with a higher δ13C composition 
than lignin polyphenols, in turn, more 13C enriched than lipids (De Niro and Epstein, 
1977; Griffiths, 1991). Therefore, the carbon isotopic fractionation from burnt plant 
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tissues may be partly associated with alterations of its components (Czimczik et al., 
2002). Bird and Ascough (2012) wrote a review about carbon isotope fractionations 
produced by fire as a consequence of chemical shifts of fuel (plant tissues). An 13C-
enrichement of ~2‰ has been observed at temperatures about 100 oC (Das et al., 
2010), what has been attributed to loss of compounds against 12C “trapping” of 
isotopically heavier cellulose-derived carbon within the initial charcoal structure 
(Czimcizk et al., 2002). Above 300 oC, 13C-depletion (1-2‰) has been observed in 
charcoal and biomass (Ascough et al., 2008). This process has been related to the 
preferential loss of less thermally stable and isotopically heavier cellulose (Loader 
et al., 2003). Finally, a 13C-loss occurs during the formation of C=C bonds at 
temperature above 400 oC, when the fresh material is supposed to undergo a 
polyaromatization process, producing 13C depleted products (Krull et al., 2003).  
In this study, cork oak leaves showed higher losses of δ13C than cork. This is a well-
known phenomenon due to photosynthesis process carried out in leaves. This 
process is responsible for the highest carbon isotope fractionation due to ab initio 
discrimination in the stomata against the heavy 13CO2 molecules with lower 
mobility (diffusion) than the lighter 12CO2 (O´Leary et al., 1981; O´Leary 1988; 
Marshall et al., 2007). 
Fire-affected biomass (cork and leaves) showed different tendencies (see Figure 
14). Cork samples were significantly 13C enriched after the passage of fire. This 
effect could be linked with the selective preservation of isotopically heavier 
cellulose and lignin in the char structure as described elsewhere (Czimcizk et al., 
2002). Fire may also have a selective effect in cork by breaking the tridimensional 
structure of the aliphatic domain of suberin. This thermal cracking of lipid moieties 
is a well-known effect of fire on biomass (Jiménez-Morillo et al., 2016b) and may 
be producing BC particles with a relatively high content of thermally-resistant 
compounds (lignin, for example) with a higher δ13C isotopic composition than 
unaffected cork. According to De la Rosa et al. (2008b), BC particles retain a 
considerable amount of lignin-like compounds.  
Charred leaf samples showed a 13C-depletion compared with UB samples. This 
could be caused by a combination of a selective removal of thermo-labile 
components and a direct chemical transformation increasing the proportion of 
unspecific aromatic compounds in the char residue. High temperatures may 
primarily affect the most thermo-labile molecules like polysaccharides, which are 
known to be 13C-enriched (Park and Epstein, 1961; Schleser, 1990). In addition, 
combustion may induce de-functionalization of lignin-like compounds, producing 
aromatic moieties (Almendros et al., 1997; González-Vila et al., 2001; Baldock and 
Smernik, 2002), and poly-aromatization processes, with formation of double 
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covalent bonds (C=C) and the production of 13C depleted aromatics (Cachier et al., 
1985; Krull et al., 2003).  
Another environmental carbon pool clearly found affected by fire was SOM. This is 
considered as a heterogeneous mixture of organic residues and products from 
different organism (Arias et al., 2005), of different age and contrasting chemical and 
physical alteration (Baldock and Skjemstad, 2000). The alteration status of SOM is 
related to its carbon isotope composition. Fresh organic material is usually 13C-
depleted compared with humic substances (Benner et al., 1987). Bird and Pousai 
(1997) suggested that at least part of the 13C-enrichment in the top soil may be 
caused by stabilization of a proportion of microbial processed organic material. In 
a previous paper, we studied the chemical composition of these same soil samples 
using analytical pyrolysis techniques (Py-GC/MS) (Jiménez-Morillo et al., 2016b). 
We found that SOM held in coarse fractions (> 1 mm) had a conspicuous influence 
of fresh material, while the fine fractions consisted of comparatively humified SOM 
with lignin degradation and microbial-derived compounds. Consequently, the 
different chemical composition and characteristics of SOM stored in different 
particle size fractions may explain the different composition of δ13C between coarse 
and fine fractions. 
This general pattern of δ13C enrichment with decreasing particle size is also 
preserved in fire-affected soil fractions (Figure 15). These fractions showed a 
consistent 13C-enrichment with positive ∆13C fractionation values ranging between 
0.6 and 1.5‰. A possible reason for this may be the constant input of soot and BC 
particles from the fire-affected aboveground vegetation (González-Pérez et al., 
2004; Knicker et al., 2008). In contrast with UB cork, B cork studied in this work did 
not show a defined structure. It included small charred particles, black-colored and 
spherical (soot). The B leaf tissue showed a defined tridimensional structure, 
showing large-sized particles. Therefore, after a fire and due to it smaller size, 
charred cork particles may have been preferentially associated to the fine soil 
fractions (<0.25 mm) as previously suggested. On the other hand, the partly charred 
leaf larger particles may preferentially appear in the coarser fractions (>0.5 mm). 
This is consistent with previous findings using analytical pyrolysis (Jiménez-Morillo 
et al., 2016b). 
Both burnt and unburnt bulk soil sample showed the same stable C composition 
than the average of the different sieved soil fractions. Therefore, SOM in sieve 
fractions effectively reflects δ13C composition of the bulk soil and small shifts in the 
composition of SOM of particle size fractions may affect the whole soil stable C 
signature. 
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4.4.2 EFFECT OF BURNING IN δ2H ON BIOMASS AND SOIL ORGANIC MATTER 
(BULK AND PARTICLE-SIZE FRACTIONS) 
The assessing of δ2H value in plant tissues and soil is connected with the water 
sources (Marshall et al., 2007 and references therein). The main sources of isotopic 
variation in continental water come from isotopic variation in precipitation inputs 
and enrichment of the 2H content in water from the evaporation process from the 
surface of soil (Barnes and Allison, 1983) and leaves during evapotranspiration 
(Gonfiantini et al., 1965). According to Dawson and Ehleringer (1993) Ellsworth and 
Williams (2007), there is not hydrogen isotopic fractionation during absorption of 
soil water by plants. Organically bound hydrogen isotopes in plants tissues reatin 
the isotopic composition of absorbed water, which is also consistent with the δ2H 
value of rainfall water (precipitation) (Dansgaard, 1964). Nevertheless, it is also well 
known that moisture in leaves is considerably 2H-enriched compared with 
precipitation water due to the evapotranspiration (Gonfiantini et al., 1965). This 
may help to explain our findings in cork oak biomass with a conspicuous heavier 
δ2H values for leaf biomass than for cork (Figure 16). 
Concerning the light δ2H signature found for cork tissue, this could be explained by 
the particular structure. Cork tissue is mainly made up of suberin, a mixture of 
aliphatic and lignin-like compounds (40% and 22% respectively, Pereira, 1988). 
Several authors have found that plant lipids and phenolic compounds display more 
negative δ2H values than polysaccharides (the third more abundant compound in 
cork tissue (18%)), and even than the uptake water by plants (Smith and Epstein 
1970; Chikaraishi et al., 2004ab). 
Although fire did not affected largely the δ2H signature of biomass samples, a small 
but significant positive fractionation between B and UB sample was observed 
(Figure 16). This fact suggests that other factors may be affecting the 2H 
composition i.e. the elimination of a small fraction of remaining light non-structural 
circulating water.  
With respect to soil and soil fractions, it is known that fire is a disturbance factor on 
the hydrologic cycle in soil, affecting to a wide number of processes, such as 
interception, infiltration, water repellency, evaporation, soil water storage, etc. 
(Neary and Ffolliott, 2005; Jordán et al., 2013; Zavala et al., 2014b). Despite short-
time impacts, reduction in plant cover and changes in soil surface structure may 
contribute to produce low evapotranspiration rates and increase soil water content 
(Tiedemann et al., 1979; Bond and van Wilgen, 1996; Pyne et al., 1996; DeBano et 
al., 1998). Therefore, heavy hydrogen isotope content in a fire-affected soil should 
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theoretically be lower than in an unaffected one. This hypothesis could well explain 
our findings concerning the negative fractionation values (-20.1‰) found for 
hydrogen in bulk soil samples (Figure 17). In relation to the observed trend in the 
particle size fractions, only medium and fine fractions (<0.5 mm) exhibited the same 
trend than the B bulk sample. In contrast, a positive isotope fractionation of 
hydrogen was observed in coarse fractions (> 1 mm). 
In general, sieved soil fractions displayed two 2H content ranges, a light one for 
coarser fractions (>0.5 mm) and a heavier content for medium/fine fractions (<0.5 
mm). The former, with δ2H values similar to that found in leaves may be associated 
with a predominance of fresh biomass as seen in section 4.4.1 On the other hand, 
the consistently 2H enriched found in medium/fine fractions signatures may reflect 
the signature of soil water, not biomass. After soil samples were dried under 
laboratory conditions, only the gravitational (if any) and available water were likely 
to be removed. In contrast, hygroscopic water films remain held by strong adhesion 
forces (Jardine et al., 1990; Brook et al., 2010). Hygroscopic water may have the 
same hydrogen isotope composition than meteoric water (Brook et al., 2003). In 
addition, water in the first millimeters of the soil surface is prone to further 2H-
enrichment due to the higher evaporation and evapotranspiration produced by 
grasses (Brook et al., 2003). 
There is again a small but significant fractionation between B and UB samples 
(Figure 17) with fire affecting in a different manner the fine and coarse fractions. 
The 2H-enrichment registered for coarse fractions (>0.5 mm) may be attributed, as 
previously, to an additional input of partially charred biomass, mainly from leaf 
tissue (with a higher size and heavier H composition). On the other hand, the 
divergent trend of medium/fine fractions (<0.5 mm) may be due to [i] rupture of 
the absorption/evapotranspiration flow due to post-fire decreased vegetation 
cover and root depth and number; or [ii] the influence of charred cork particles with 
lower δ2H value added preferentially to the fine soil fractions during the post-fire 
period. 
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5.1 INTRODUCTION 
Forest fires represent a recurrent disturbance factor in the Mediterranean basin 
and they are the cause of immediate and lasting environmental impacts (Naveh, 
1990). This is in part caused by changes in the soil organic matter (SOM), which is 
the most reactive and functional soil fraction. These changes include the 
transformation of biogenic chemical structures, accumulation of newly-formed 
structures, as well as a complex balance between the input and diminution of 
materials with differential resistance to thermal degradation, i.e. fresh or charred 
biomass (González-Pérez et al., 2004, 2008; Knicker, 2007; Atanassova and Doerr, 
2011; Faria et al., 2015a). The pyrogenic signature in SOM is in the focus of research, 
not only in the Mediterranean area, but also in other parts of the world (Dyrness et 
al., 1989; Fernández et al., 1997; Neff et al., 2005; Dymov and Gabov, 2015). One 
out of the major alterations exerted by fire to SOM chemical composition is the 
formation of recalcitrant structural domains, which are believed to include severely 
defunctionalized condensed aromatics in addition to fire-surviving alkyl structures 
probably including cross-linked lipid compounds. Such recalcitrant core, show 
characteristic ‘bimodal, protokerogen-like’ 13CNMR spectra, and in general is 
resistant to drastic chemical hydrolysis (Almendros et al., 1988; González-Pérez et 
al., 2008; De la Rosa et al., 2012). Apart from the ‘fire-induced structural 
stabilization’, fire may also produce the removal of volatile structures and the 
transformation of labile compounds. A common example of this is the modification 
of polysaccharides to pyrogenic compounds, i.e. from levoglucosan and furans to 
benzenic compounds (Simoneit et al., 1999; Templier et al., 2005; Fabbri et al., 
2009). 
Nowadays, there is a wide array of analytical techniques available for the study of 
complex matrices, such as SOM. Among these, Fourier- Transform infrared (FT-IR) 
and nuclear magnetic resonance (NMR) spectroscopies, gas chromatography - mass 
spectrometry (GC/MS) or analytical pyrolysis (Py-GC/MS), have successfully been 
used to characterize the effects of fire on SOM (Almendros et al., 1988; Tinoco et 
al., 2006; González-Pérez et al., 2008; De la Rosa et al., 2011; Knicker, 2011; 
Atanassova et al., 2012; Aznar et al., 2013; Badía et al., 2014a; Wiedemeier et al., 
2015). 
Analytical pyrolysis, defined as the thermochemical decomposition of organic 
materials at elevated temperatures in the absence of oxygen (Irwin, 1982), is a fast 
and useful ‘fingerprinting’ tool for the direct structural characterisation of SOM. 
The products of pyrolysis (pyrolysate) are amenable to GC/MS separation and 
identification, yielding detailed molecular information about the complex mixtures 
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of natural macromolecular substances (González-Pérez et al., 2013). Other well-
known advantages of the technique include the requirement of small sample sizes 
and little to no sample preparation needs. 
The products released by pyrolysis of SOM can be related to its biogenic origin; 
methoxyphenols from lignin, furans from polysaccharides and certain Nitrogen-
containing molecules from proteins (Leinweber and Schulten, 1995; González-Vila 
et al., 2001; Arias et al., 2005 and references therein). Long-chain n-alkanes are 
derived from the epicuticular waxes of plants (Eglinton et al., 1962; Eglinton and 
Hamilton, 1967) and indexes such as n-alkane average chain length (ACL) and 
carbon preference index (CPI) are used as surrogates for source and evolution of 
organic matter (Cranwell, 1973). In fact, after deposition, n-alkanes are affected by 
factors such as decay from microbial activities or fire, which normally reduce ACL 
values in soils (Bull et al., 2000; González-Pérez et al., 2004, 2008). 
The complex molecular assemblages released from SOM by pyrolysis are often 
explored by multivariate data methods, but can also be analysed with the help of 
graphic tools, such as the classic Van Krevelen diagram (Van Krevelen, 1950). This 
was initially intended to study the degree of maturity of coal by comparing the 
relationships between H/C and O/C ratios of samples. Nowadays, an extended Van 
Krevelen approach is being used by researchers who are working with large 
chemical data matrices, such as those produced by ultrahigh resolution techniques, 
such as Fourier Transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) 
(Kim et al., 2003; Kramer et al., 2004; Waggoner et al., 2015). In this case, atomic 
ratios (H/C and O/C) are calculated from the chemical molecular formulas that are 
inferred from the mass spectrometry data. 
The majority of studies undertaken to evaluate the effect of fire on SOM have been 
undertaken in fine earth soil samples (<2 mm) or in the main textural soil fractions 
(sand, loam and clay). Although it is known that SOM differs among particle-size 
fractions (Nocentini et al., 2010; Jiménez-Morillo et al., 2014, 2016a), the 
information available is still scarce. Therefore, the present study is focused on the 
information provided by the direct analytical pyrolysis of whole soil and two sieve 
size fractions (coarse and fine) with the aim of shedding light on the alterations that 
SOM undergoes after a fire episode. To accomplish this, the main goals of this study 
are as follows: i) to assess the chemical composition of organic matter in whole soil 
and in size fractions before and after a wildfire; and ii) to assess the alterations and 
processes undergone in each of the fractions impacted by fire. 
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5.2 MATERIAL AND METHODS 
5.2.1 STUDY AREA 
During a forest fire, apart from the heat itself, there are a number of interconnected 
variables of different nature (biological, environmental, physicochemical) acting at 
different levels (atmosphere, vegetation and fuels, soil) that eventually influence 
the way in which a fire affects SOM. Those variables may include factors such as 
pH, texture, conductivity, fuel availability, soil water/atmosphere, and climatic 
conditions (Pyne et al., 1996). In order to simplify our natural experimental setting, 
the effect of a wildfire on SOM is studied in low complexity soils that are located in 
a well-known environment at Doñana National Park (Southwest Spain), where fire 
is a known recurrent factor and is the cause of changes in its geomorphology and 
vegetation (Granados, 1985). 
A sandy soil showing relative spatial homogeneity and properties was selected at 
the site known as “Matasgorda”, having a typical Mediterranean climate with an 
oceanic influence, which produces mild temperatures, and relatively high humidity 
and rainfall compared to the inland climate (Siljeström and Clemente, 1990). The 
average annual rainfall is 830 mm with 77% of precipitation (between October and 
March) and a mean air temperature of 16.9 °C. The soil pH is slightly acid to neutral 
(pH 6 - 7.0). The soil was classified as Arenosol (WRB; IUSS Working Group, 2006) 
with > 99% sand from aeolian sediments (Holocene) covering gravels and other 
sandy sediments (Pliocene- Pleistocene). The study area was affected by a wildfire 
in the summer of 2012 that affected >300 ha. The fire severity could be considered 
severe as assessed de visu just after the fire. 
Composite soil samples were taken in October 2014 under Cork oak (Quercus suber) 
“QS” canopy. Burnt soil “B” was affected by the wildfire (burnt: 37° 7′21.95ʺN; 6° 
26′53.44ʺW) and a nearby control of unburnt soil “UB” (unburnt: 37° 7′23.69ʺN; 6° 
26′51.53ʺW), with the same vegetation cover, soil type, physiographic 
characteristics, and no recent histories of forest fires, were sampled. Each sample 
was made by combining five to six sub-samples taken within a circular area of ca. 
20 m2 under a well-developed cork oak stand. The samples were taken from the 
first 3 cm of soil after removing the litter layer. Earlier studies demonstrated that 
no effects are detected at deeper depths in the soil (Badía et al., 2014ab; Aznar et 
al., 2016). The soil material was then transported in glass containers, air-dried 
under laboratory conditions (at 25 °C and approximately 50% relative humidity) 
during a 1-week period and sieved to fine earth (<2 mm) to remove gravel and litter 
fragments. Each combined fine earth sample (bulk sample) was further divided by 
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dry sieving in six fractions (1 - 2 mm, coarse; 0.5 - 1, 0.25 - 0.5, 0.1 - 0·25, 0.05 - 0.1 
mm, medium; and <0.05 mm, fine).  
5.2.2 ELEMENTAL ANALYSIS 
Total Carbon (C) and total Nitrogen (N), in bulk samples and in each one of its sieve 
size fractions, were analysed using a Flash 2000 HT (C, H, N, O and S) elemental 
micro-analyser coupled to a thermal conductivity detector (TCD) (Thermo Scientific, 
Bremen, Germany). Each sample (weight range of 1 - 1.5mg) was measured in 
triplicate. The calibration curve was made for each element using recommended 
standard materials, acetanilide, nicotinamide and aspartic acid (Thermo Scientific, 
Bremen, Germany) in triplicate. 
5.2.3 ANALYTICAL PYROLYSIS (PY-GC/MS) 
Pyrolysis-gas GC/MS was performed using a double-shot pyrolyzer (Frontier 
Laboratories, model 2020i) attached to an Agilent 6890 N gas chromatograph. Soil 
samples (1 - 2 mg) were placed in small crucible capsules and introduced into a pre-
heated furnace at 500 °C for 1 min. The evolved gases were directly injected into 
the GC/MS for analysis. The GC was equipped with a low-polarity fused silica 
capillary DB-5 column (J&WScientific) of 30m× 250 μm× 0.25 μm film thickness. The 
oven temperature was held at 50 °C for 1 min and then increased to 100 °C at 30 °C 
min−1, from 100 °C to 300 °C at 10 °C min−1, and stabilized at 300 °C for 10 min. The 
carrier gas was helium at a controlled flow of 1 mL min−1. The detector consisted of 
an Agilent 5973 MSD (mass selective detector), and mass spectra were acquired 
with a 70 eV ionising energy. Compound assignment was achieved via single ion 
monitoring for various homologous series, via low-resolution MS and via 
comparison with published and stored (NIST and Wiley libraries) data. 
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From the relative abundances of the chromatographic areas for n-alkane peaks, a 
number of molecular markers were inferred: 
S/L (short/large ratio) is an estimation of the relative abundance of short to long C 
length in a hydrocarbon chain and was calculated according to the following the 
formula: 
 
𝑆/𝐿 =
∑[𝐶𝑛 ]10−23
∑[𝐶𝑛 ]24−31
    5) 
 
where n is the number of carbon atoms and [Cn] is the concentration of each alkane 
or alkene.  
CPI (24 - 31) (carbon preference index) is an estimation of the relative abundance 
of odd to even C chain numbers. In this research, CPI was calculated in the range 
from 24 to 31 carbons. This index allows us to know the original source of SOM; CPI 
> 1 means that odd C chain numbers prevail over even C chain numbers and that 
the main input of organic matter to the soil is of plant origin. In this research, CPI 
was calculated as: 
 
𝐶𝑃𝐼 (24 − 31) =
∑[𝐶𝑛 𝑜𝑑𝑑]24−31
∑[𝐶𝑛 𝑒𝑣𝑒𝑛]24−31
   6) 
 
 
 
Where [Cn odd] is the hydrocarbon abundance with odd-numbered C chain and [Cn 
even] is the hydrocarbon abundance with even-numbered C chain (Bray and Evans, 
1961). 
Finally, the molecular information obtained by analytical pyrolysis was studied 
using Van Krevelen diagrams. The atomic ratios (H/C and O/C) were calculated from 
the chemical molecular formulas inferred from the mass spectra. Only compounds 
identified with a chromatographic area of > 0.2% of the total ion chromatographic 
area were included in the analyses. 
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5.3 RESULTS AND DISCUSSION 
5.3.1 ELEMENTAL ANALYSIS 
Elemental C and N contents and C/N ratios are shown in Table 4. Bulk B soil shows 
a 4.1% higher C content than the whole UB soil. We found that, in general, higher 
C contents are found in the burnt soil fractions, but the 0.5 - 1 mm fraction has a 
4.4% lower C content than the corresponding fraction from the UB soil. This is in 
line with previous findings where the carbon content on burnt topsoil usually 
decreases immediately after a wildfire (Badía et al., 2014b). Higher C contents 
found in the burnt size fractions have been previously observed, probably caused 
by additional input of particulate biomass, including partially charred materials, to 
the coarser (1 - 2 mm) (Chandler et al., 1983; Bird et al., 2000; Nocentini et al., 2010) 
and finer (<0.5 mm) fractions. In the latter case, fine char particles may accumulate 
(Skjemstad et al., 1996). The total N content in the bulk burnt soil (B= 1 0.3%) was 
higher than that in the unburnt soil (UB = 1.0%). No significant differences were 
found for total N content from different size fractions. 
The C/N ratio shows the same trend for higher total C content in B soil. In general, 
this C/N trend is not in agreement with the results obtained by other researchers 
(Almendros et al., 1984ab; Badía et al., 2014b; Viro, 1974; Vega, 1986), who 
observed that after a fire, there is usually a decrease of C and in turn a decrease of 
C/N ratio. The decreasing of C may be due to a loss of humified material by fire 
(González-Pérez et al., 2004). This effect may be masked by black carbon additions 
to B soil samples. 
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Table 4: Percentage of total carbon (C) and total nitrogen (N) with standard 
deviation (SD) for the bulk soil sample and sieve fractions from unburnt (UB) and 
burnt (B) soils under Quercus suber cover. 
Scenario Sieve fraction (mm) %C STD % N STD C/N 
UB Bulk 6.7 1.3 1.0 0.1 6.8 
1-2 15.7 2.7 1.5 0.2 10.3 
0.5-1 14.0 2.0 1.4 0.1 10.3 
0.25-0.5 6.5 0.3 1.0 0.0 6.8 
0.1-0.25 5.8 0.1 0.9 0.0 6.3 
0.05-0.1 6.3 0.4 1.0 0.0 6.5 
<0.05 7.3 0.0 1.1 0.0 6.9 
B Bulk 10.8 1.1 1.3 0.1 8.3 
1-2 27.9 0.9 2.3 0.0 12.1 
0.5-1 9.6 0.1 1.2 0.0 8.2 
0.25-0.5 7.7 1.0 1.1 0.1 7.2 
0.1-0.25 7.4 0.1 1.1 0.0 6.9 
0.05-0.1 7.5 1.1 1.1 0.1 6.9 
<0.05 9.6 0.3 1.3 0.0 7.4 
 
5.3.2 PYROLYSIS-GC/MS 
Total ion current (TIC) chromatogram from the whole and sieve size fractions of B 
and UB soils with an indication of the origin of the major pyrolysis compounds is 
shown in Figure 18. The pyrograms from whole soil samples showed conspicuous 
differences between B and UB sites. The higher intensity peaks in the B soil 
pyrogram appear in the range of 4 - 10 min of retention time showing unimodal 
normal distribution, whereas for the bulk UB soil, the compound distribution is 
biased towards compound with low MW, and shows the highest total abundance 
in the range of 2 - 6 min retention time. When screening the pyrolysates produced 
by the different soil size sieve fractions, we were able to clearly differentiate two 
main contrasting patterns corresponding with the coarse (1-2 mm) and fine (<0.05 
mm) fractions, respectively, whereas the intermediate fractions showed pyrograms 
with intermediate characteristics between both fractions. Therefore, these two 
fractions together with the bulk fraction were chosen for further study in detail. 
The pyrogram from the coarse fraction, in both scenarios, showed a normal 
distribution of the high intensity peaks, which are mainly lignin-derived 
methoxyphenols, unspecific aromatic compounds and carbohydrate-derived 
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compounds. In contrast, in the fine fraction, major peaks distribution shifts towards 
the low MW compounds tailing to the high MW compounds, with alkyl compounds, 
peptide-derived and unspecific aromatic compounds being dominant in this 
fraction. In addition, there were differences between B and UB soil samples in each 
fraction with the main differences in the range of 23 - 30 min of retention time; 
whereas no chromatographic peaks are found in this region in the B samples, 
several peaks are clearly seen in this region in the UB samples. These peaks 
corresponded to high molecular weight alkane/alkene chains, the lack of which 
being consistent with a thermal cracking of high molecular weight hydrocarbon 
chains into smaller compounds, as usually observed in fire-affected SOM 
(Almendros et al., 1988; Tinoco et al., 2006; González-Pérez et al., 2008; De la Rosa 
et al., 2013; Aznar et al., 2013; Faria et al., 2015ab).  
The differences between samples can be best seen when studying the abundances 
of the main pyrolysis compound relative to the total chromatographic area (Figure 
19). In the UB bulk soil sample the majority of structures detected in the SOM 
pyrolysates correspond to carbohydrate (polysaccharide)-derived compounds 
(22.7%), aromatic compounds of unspecific origin (17.2%, mainly alkyl phenols and 
alkyl benzenes), peptide-derived N-compounds (20.8%) and lignin methoxyphenols 
(17.7%, mainly guaiacol and alkyl derivatives). Also, lipids (alkane alkene pairs and 
fatty acids) and N-compounds of unknown origin were detected but at low relative 
abundance (<10% total chromatographic area). In the B soil samples the pyrograms 
are dominated by lignin-derived compounds (40.1%), followed by N compounds 
from peptides (15.9%) and aromatics of unspecific origin (12.9%). Further, a 
number of polycyclic aromatic hydrocarbons (PAHs 1.2%, mainly derived from 
naphthalene) were detected. The latter distribution, with a general depletion of 
carbohydrates and proteins and enrichment in lignin-derived compounds, indicates 
that fire effectively affected SOM, and preferentially removed thermolabile 
biogenic materials alongside a selective preservation of the more fire-resistant 
lignin moieties. 
In fact, carbohydrate moieties are known to be thermolabile components in soils 
(Almendros et al., 1990, Pastorova et al., 1994, Knicker et al., 1996; Baldock and 
Smernik, 2002; De la Rosa et al., 2008a). Soil lignin has been reported to be 
particularly resistant to fire (De la Rosa et al., 2008ab), to the point that additional 
char particles containing methoxyphenol from partially burnt lignin could add to 
the observed increase (Skjemstad et al., 1996). 
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Figure 19. Relative percentage of the main chemical families identified by 
Py/GC/MS from unburnt (UB) and burnt (B) bulk soil and two main sieve size 
fractions; coarse (1-2 mm) and fine (<0.05 mm). 
 
 
However, a decrease in the relative abundance of lignin markers and in other typical 
vegetation markers (terpenes, resinic acids) with fire has also been observed (Badía 
et al., 2014a). It is suggested that the chemical changes observed in burnt SOM may 
play important roles in the colloidal properties and the water-repellency observed 
in the post-fire soil area (Almendros et al., 1992; Atanassova et al., 2012). 
The chemical compositions of the two (coarse and fine) soil size fractions studied 
were different and, as with the whole soil samples, fire was able to induce chemical 
changes in the SOM of the different fractions (Figure 19). The coarse fraction (1 - 2 
mm) of UB soil showed a clear chemical signature for fresh plant biomass; high 
abundance of lignin-derived compounds (30.7%), carbohydrate (19.7%) and 
peptides (12.3%) and a proportion of fatty acids (5.5%) and alkyl compounds (8.6%), 
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probably derived from epicuticular waxes (Eglinton et al., 1962; Eglinton and 
Hamilton, 1967). This indicates that the SOM in this fraction retains a major 
influence from the vegetation litter. In contrast, SOM in the UB fine (<0.05mm) soil 
fraction shows the lowest relative amount of lignin-derived compounds (12%), 
being mainly composed of protein (24.7%) and carbohydrates (22.1%) with a 
substantial proportion of unspecific aromatic compounds (22.9%), pointing to the 
presence of microbial-derived compounds, i.e. glycoproteins such as glomalin, that 
are known to be abundant in mineral soils with low organic content (Lozano et al., 
in press and references therein), and to high microbial activity. This activity is prone 
to produce humic-type SOM and lignin degradation. In fact, the abundance of 
unspecific aromatic compounds could also have an origin in the fungal alteration of 
plant lignins (Kellner et al., 2014). 
The B coarse fractions showed the highest relative proportion of lignin-derived 
compounds (51.9%) in comparison with the rest of the studied samples. This points 
to inputs of new litter, probably from the standing vegetation that is affected by 
fire (De la Rosa et al., 2008a). This is further supported by the observed high relative 
proportion of carbohydrate-derived structures (17.3%). This fraction also showed 
the lowest amount of unspecific aromatic compounds and alkyl compounds 
(alkane/alkene pairs and fatty acids). The low proportions of alkyl compounds may 
be a direct effect of fire that is known to produce thermos-evaporation of free lipid, 
in addition to thermal cracking producing shorter chain length compounds 
(González-Pérez et al., 2008). The B fine fraction shares chemical characteristics 
with the UB fine fraction, viz., low lignin (16.6%) and high protein (25.1%)-derived 
compounds, mainly pyridine and indole derivatives (see Table A1 and A2) and 
unspecific aromatic structures (19.9%), suggesting that SOM in this fraction may be 
more evolved and subjected to alteration by microorganisms. However, the 
pyrolytic signature also indicates that this SOM has been affected by fire in different 
ways. First, it is noteworthy that this fraction shows the highest relative amount of 
PAHs (1.7%) that, besides a direct condensation effect of fire on this SOM fraction 
(González-Pérez et al., 2014), could be also explained in part as inherited SOM from 
soot or charred inputs from the coarse SOM fractions or by past wildfire episodes 
(Jiménez-Morillo et al., 2014, 2016a). Note that a small proportion of PAHs were 
detected in all burnt soil samples but also, with a very small contribution, in the U 
fractions that were unaffected by the studied fire episode (coarse 0.43%; fine 
0.58%). These PAHs are robust surrogate measures of fire intensity in fire episodes 
(De la Rosa et al., 2012, González-Pérez et al., 2014) and their presence in the 
control soil may indicate past fires or aeolian transport of black carbon aerosols 
from the nearby burnt site. The existence of fine char fine particles was also 
confirmed by optical microscopy (data not shown). Second, there is a substantial 
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reduction of labile carbohydrate-derived compounds (12.7%) that are known to be 
responsive to fire (De la Rosa et al., 2008a). However, polysaccharide-derived 
compounds, i.e. levoglucosan, glycosides and mono-saccharides, have been 
previously found to be abundant in the soluble SOM fractions of heated soils 
(Atanassova and Doerr, 2011), that could have resulted from their de novo 
formation, volatilisation from particulate organic matter, or from the breakdown of 
polysaccharides. The fact that we find a reduction of these compounds may also 
respond to a loss by lixiviation and/or to the fast turnover after the fire of the easily 
available C source, represented by the soluble saccharides from the activity of 
heterotrophic organisms. 
5.3.3 ALKANE CPI AND S/L RATIOS 
Informative biogeochemical proxies for the effect of fire in SOM are provided by 
the alkyl series that are easily identified by analytical pyrolysis. It is known that after 
a forest fire the aliphatic compounds undergo a thermal cracking, producing 
hydrocarbon chains that are shorter in length (Tinoco et al., 2006; González-Pérez 
et al., 2008; Eckmeier and Wiesenberg, 2009; De la Rosa et al., 2012; Badía et al., 
2014a). Also, in addition to the shortening in the average length of alkyl chains, 
conspicuous changes in the C preference index (ratio of alkyl molecules with odd-
to-even number of C atoms) also represent a valid surrogate of the damage levels 
of soils affected by fires (Almendros and González-Vila, 2012 and references 
therein). In fact, these effects have also been observed under laboratory conditions 
(Almendros et al., 1988, 1992; González-Vila et al., 2001) and a predominance of 
short chain and even carbon numbered n-alkanes, as a result of thermal 
degradation of biomass, and has been found to be a valid molecular marker in 
archaeological or palaeo-environmental research (Eckmeier and Wiesenberg, 
2009). In the current study, we use this proxy to assess the impact of fire on SOM, 
i.e. the indexes tentatively used were i) chain carbon preference index (CPI (C24 - 
C31)) and ii) short to long chain ratio (S/L).  
For CPI (C24 - C31) (Figure 20A), the values obtained were always higher than one, 
indicating SOM that are mainly of plant origin. Higher plants waxes contain 
hydrocarbon chains, preferentially with odd-over-even carbon preference number 
(Eglinton et al., 1962). Shifts in this biogenic trend indicate alteration to SOM. Our 
results point to the fact that fire-affected SOM were mostly in the fine fraction 
where CPI was almost lost and the value shifted from 1.7 to 1.1. There were no 
clear differences in CPI for the bulk or for the coarse fractions. Post-fire CPI values 
are affected by inputs of biomass enriched in long-chain and odd-numbered alkane 
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chains, hiding the effect of fire. This may be the reason why the differences in the 
bulk soil and coarse fractions were not high. 
For all burnt samples, the S/L (Figure 20B) ratios were higher than for the unburnt 
samples, indicating cracking of long-chain alkanes. This effect was very clear for the 
coarse fraction (UB = 2.04 and B = 3.24). 
 
 
Figure 20. Geochemical markers for unburnt (UB) and burnt (B) soils in the bulk 
sample and two main soil sieve size fractions; coarse (1 - 2 mm) and fine (<0.05 
mm): A) CPI (24 - 31): carbon preference index for chains with 24 to 31 carbons. 
B) S/L: alkane short to long chain length ratio. 
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As previously described, it seems that there was a post-fire input of litter adding to 
the B coarse SOM fraction and was probably including, not only fresh biomass with 
a high CPI, but also char or partially-charred particles with a high proportion of 
short-chain alkanes, that may explain in part the finding that no substantial 
difference in S/L values between B and UB for the bulk and fine fractions were 
found. 
5.3.4 VAN KREVELEN DIAGRAM 
Here we used a Van Krevelen graphical approach to gain information about main 
chemical modifications produced by fire in SOM. The plot interpretation in relation 
to possible SOM transformation processes used here is based on that proposed by 
Kim et al. (2003). Figure 21 represents the Van Krevelen diagram with the average 
(centroid) O/C and H/C values of the pyrolysis compounds released from the bulk 
sample and the coarse and fine size fractions selected for this study. The values 
were inferred from the structural (molecular) information obtained by Py-GC/MS 
(Tables A1 and A2). 
 
 
Figure 21. Van Krevelen diagram for unburnt (UB) and burnt (B) soils in the bulk 
sample and two main soil sieve size fractions; coarse (1 - 2mm) and fine (<0.05 
mm). 
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The samples show only small differences with values plotted close together in a 
narrow area. However, when zooming in on this region, a similar behavior is 
observed for the bulk soil and fine fractions that show an increase in O/C and H/C 
ratios, indicating the occurrence of a condensation process in the change from UB 
to B samples. When decomposing the imaginary UB-B linking line into X- and Y-axes 
the condensation process occurring when burning could be further separated into 
two sub-processes: i) oxidation and ii) hydrogenation. This result is in agreement 
with a higher relative abundance of lignin-derived methoxyphenols in the B (bulk 
and coarse) soils compared with the UB soils and to a lesser extent to fatty acids 
(increasing of oxygen atoms) and the comparatively lower proportions of unspecific 
aromatic compounds, and PAHs (increasing of hydrogen atoms) to a lesser extent 
as seen in Figure 19. 
The transition from the coarse UB to the B sample shows an increase in O/C values 
and a decrease in H/C values, which indicate demethylation/dealkylation 
processes. Decomposing the imaginary UB-B linking line, as with the bulk samples, 
the two principal processes induced by fire would be i) oxidation, as for the bulk 
and fine B fractions, and ii) dehydrogenation. This shift that is observed in the 
coarse fractions could be best explained by an input of new litter and partially 
charred particles after a fire, which is also in agreement with the high relative 
contribution of methoxyphenols in the coarse B sample that may be in part 
responsible for the observed increase of O/C ratio. On the other hand, the observed 
H/C ratio decrease could be explained by a low relative contribution of 
alkane/alkene pairs in the B coarse fraction and to a lesser extent to demethylation 
of lignin-derived methoxyphenols and a higher relative contribution of PAHs with 
lower number of hydrogen atoms due to their condensed structure. 
Although the bulk sample and the fine fraction show a similar trend when burnt, 
the global value for O/C ratio was minor for the fine fraction, reflecting a lower 
relative proportion of plant derived methoxyphenols. 
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6.1 INTRODUCTION 
Soil is the largest carbon (C) reservoir on the Earth´s surface, with over 2000 Pg C, 
of which ca. 70 % correspond to organic matter (Batjes, 1996; Scharlemann et al., 
2014). Due to the large size of the C pool in soils, small deviations could have a 
relevant effect in the global C balance and an outstanding impact on the climate 
change (González-Pérez et al., 2004; De la Rosa et al., 2008a; Moss et al., 2010). Soil 
organic matter (SOM) can be perceived as a mixture of biogenic components with 
variable proportions of constituents from plants and microorganisms at different 
evolutionary stages (Stevenson 1994; Arias et al., 2005; Ikeya et al., 2015). Within 
this mixture, some organic constituents retain a clear biogenic signature (i.e., lignin, 
tannins, polysaccharides, protein, etc.), while others tend to aggregate into colloids 
consisting of polydisperse mixtures of macromolecules with disordered, chaotic 
structure (humic substances) (Sleighter and Hatcher 2007). The intrinsic physical 
and chemical characteristics of the SOM, which also show large variability in space 
and time, is a valuable source of biogeochemical information, but also exert a role 
on biological, physical and chemical properties of the soils (Hassink et al., 1997; 
Baldock and Nelson, 1999). Due to the wide diversity in the origin and degree of 
humification of the organic material in soil, and also due to its complex physical 
speciation patterns in soil aggregates of different size and stability, the SOM 
contributes significantly to soil resilience and provides the chemical energy and 
nutrients essential to the activity of soil biological system (Baldock and Skjemstad, 
2000). The SOM may be sorted in three well-differentiated conceptual C fractions, 
concerning its turnover time i) active-labile; ii) active-intermediate (fast recycling); 
and, iii) passive or refractory, that may remain stable in soil for centuries to 
millennia (Balesdent and Mariotti, 1996). One of the main factors affecting SOM is 
fire. Fire strongly influences carbon cycling and storage on temperate forests (Nave 
et al., 2011) being also the cause for rapid ecosystem changes (McKenzie et al. 
1996). Wildfires exert alterations in the physico-chemical properties of soil and this 
depends on several factors, which may be categorized on: i) intrinsic to fire e.g. 
heating duration, type of burning, oxygen availability (Santín et al., 2016) and, ii) 
extrinsic e.g. soil morphology, type and amount of organic material present in soil, 
the hydrologic conditions of soil during the fire event, etc. (Certini, 2005; De la Rosa 
et al., 2008a).  
Fire affects both the total quantity and quality of SOM. Concerning SOM quantity, 
after a wildfire the effect of fire may vary from the almost total depletion of the 
SOM, to significant increases over 30% in the surface layers due to input of fresh 
and partially charred biomass from the fire affected standing vegetation (Chandler 
et al., 1983; González-Pérez et al., 2004; Knicker et al., 2006). As regards SOM 
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quality, it is known that heat-induce decarboxylation, dehydration, dealkylation 
and cyclization reactions leading to the accumulation condensed structures, 
including pyrogenic heterocyclic nitrogen forms (Simoneit, 2002, Almendros et al., 
2003; González-Pérez et al., 2004; Knicker et al., 2008; Kramer et al., 2004; Jiménez-
Morillo et al., 2016b; Almendros et al 2017). 
Charred material produced by fire contains high quantities of refractory C forms 
collectively called “Black Carbon” (BC) defined as a continuum of thermally altered 
products, ranging from slightly charred, still degradable biomass to highly 
condensed, refractory soot (Goldberg, 1985; Kuhlbusch, 1998). All components of 
this BC-continuum are chemically heterogeneous, with large percentage of total C 
and of aromatic structures (Hedges et al., 2000; De la Rosa et al., 2008b). The 
aromaticity of the charred material is thought to depend on fire intensity 
(temperature and duration) (Shafizadeh, 1984).  
Owing to the heat-insulating properties of soil (DeBano et al., 1998; González-Pérez 
et al., 2004), the highest alterations to SOM are confined only in its first few 
centimeters (Badía et al., 2014a), just where the highest amount of SOM is 
accumulated (e.g. De la Rosa et al., 2008a; Faria et al., 2015b; Jiménez-González et 
al., 2016). Within this shallow layer, different C pools with singular chemical 
composition and different response to fires’ impact can also be distinguished i.e. by 
taking advantage of laboratory fractionation protocols based either on particle size 
or density fractions (e.g. Baldock et al., 1992; Fazle Rabbi et al., 2014; Jiménez-
Morillo et al., 2016b). In fact, it is frequently found that SOM held in the coarse soil 
fractions consists mainly of fresh material, whereas, fine fractions contain 
comparatively more evolved or humified SOM due to microbial activity (Hatcher et 
al., 1983; Nelson and Oades, 1998; Mahieu et al., 1999; Jiménez-Morillo et al., 
2016ab).  
Nonetheless, there is still limited information concerning the effect of fire in the 
case of chemical and physical soil fractions and the organic materials encompassed, 
which in part is due to its high heterogeneity and chemical complexity and the need 
of advanced analytical techniques. 
One of the most newfangled techniques applied to SOM research is Fourier 
transform ion cyclotron resonance mass spectrometry (FT-ICR/MS) usually coupled 
with electrospray ionization (ESI) source. This analytical technique was first used 
for the chemical characterization of organic materials like humic and fulvic acids by 
Fievre et al. (1997). Since then, FT-ICR/MS has been used in the study and detailed 
characterization of terrestrial, aquatic and even atmospheric organic matter at the 
molecular-level (e.g. Nebbioso and Piccolo, 2013; Didonato et al., 2016; Willoughby 
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et al., 2016). Concerning the study of fire-affected SOM, the technique has been 
used to detect BC particles within the aforementioned “environmental C 
reservoirs” (Kramer et al., 2004; Hockaday et al., 2006; Ikeya et al., 2013). Among 
the advantage of FT-ICR-MS is the enormous amount of detailed molecular-level 
information (including empirical molecular formulas) yielded, precluding molecular 
fractionation and providing meaningful compositional information that can be 
readily associated with groups of natural biopolymers (Sleighter and Hatcher, 
2007). However, the huge number of molecules detected by ESI-FT-ICR/MS and 
additional data associated greatly hinders the interpretation of the results, being 
indispensable the use of ways to visualize such datasets. The van Krevelen diagram 
has been and continues to be, one of the most used resources for visual analysis in 
geochemical studies. It was developed for the classification of coal and its precursor 
materials based on elemental analysis data (van Krevelen 1950). This tool has also 
been used to study SOM (Visser, 1983; Almendros and González-Vila 2012) and the 
contribution of charred materials (Nocentini et al., 2010). Recently, van Krevelen 
diagrams, based in atomic H/C and O/C ratios of pyrolysis (Py-GC/MS) compounds, 
were also used to assess chemical reactions produced by fire (Jiménez-Morillo et 
al., 2016b).  
Van Krevelen diagrams can be also used to plot H/C vs O/C ratios inferred from ESI-
FT-ICR/MS obtained molecular formulae. These molecular formulas lay in different 
regions of the van Krevelen diagram, which reflect their origin from different 
biomacromolecular domains in the SOM (e.g. lipid polymers, tannins, lignin, 
carbohydrates, charred particles, BC, etc.). Besides, this graphical tool may be used 
to assess the main chemical reaction pathways produced by both biotic and abiotic 
factors.Therefore, FT-ICR/MS assisted by van Krevelen diagrams can be employed 
to determine organic material sources, evolution, microbial influence and potential 
structural families in the SOM in terms of its original environmental scenarios (Kim 
et al., 2003; D’Andrilli et al., 2015).  
In this work, a detailed characterization of the chemical composition of SOM in fire-
affected and unaffected soils is carried out in two soil size-fractions (coarse and 
fine) in a sandy soil from Doñana National Park (SW Spain) using ultra-high 
resolution mass spectrometry. 
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6.2 MATERIAL AND METHODS 
6.2.1 STUDY AREA AND SAMPLING 
A Mediterranean soil located at Doñana National Park (South-West, Spain), was 
chosen for this study. Doñana National Park has been recurrently affected by 
wildfires and this anthropic factor has been considered the main cause of changes 
in its geomorphology and vegetation patterns (Granados, 1985). The area of study 
is under Mediterranean climate, with mild temperatures, and relatively high 
humidity with an elevated rainfall (> 800 mm) compared to inland and an average 
air temperature of ca. 17 oC (Siljeström and Clemente, 1990). This site was affected 
by intense wildfires during the summer of 2012 and Soil samples were taken in 
October 2014 from an Arenosol (WRB, 2015) under cork oak (Quercus suber) “QS” 
canopy. Burnt soil “B” was affected by the wildfire (burnt: 37° 7′21.95ʺN; 6° 
26′53.44ʺW) and a nearby control of unburnt soil “UB” (unburnt: 37° 7′23.69ʺN; 6° 
26′51.53ʺW), with the same physiographic characteristics but no recent histories of 
forest fires, were sampled. 
Composite samples were obtained by combining five sub-samples taken within a 
circular area of ca. 20 m2. The samples were collected from the first 3 cm of soil 
after removing the litter layer. Earlier studies demonstrated that fire-effects are not 
significant at deeper depths in the soil (Badía et al., 2014a; Aznar et al., 2016). The 
soil material was then transported in glass containers, air-dried under laboratory 
conditions (at 25 °C and approximately 50% relative humidity) during a 1-week 
period and sieved to fine earth (< 2 mm) to remove gravel and litter fragments. 
Each combined fine earth sample (total sample) was further divided by dry sieving 
in two particle-size fractions: coarse (1-2 mm, CF) and fine (< 0.05 mm, FF). 
6.2.2 ESI-FT-ICR-MS ANALYSIS 
All glassware material used in this study was pre-combusted (to 450 oC) to remove 
any organic pollutant. The extracts of each B and UB particle size fractions were 
prepared by adding ca. 100 mg soil to 1 mL 1 M NaOH. The extraction was 
conducted for 1 day using gentle shaking (180 rpm) at room temperature. The 
extracts were obtained by filtering the mixture through a 0.2 mm 
poly(tetrafuoroethane) filter. The filtered extracts were passed through ion-
exchange resin (Dowex® 50WX8, 100 - 200 mesh H+-form) to remove sodium ions. 
The resin was repeatedly cleaned with MilliQ® water to neutrality. Each extract was 
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stored in a refrigerator (4 oC) until analysis. These same steps were repeated 
without soil sample to obtain the blank. 
Aliquots of each extract (blank included) were mixed (1:1) methanol (MeOH) 
(chromatography quality) for a final concentration of approximately 50 mg kg-1, to 
improve ionization efficiency. The samples were introduced in an Apollo II 
electrospray ionization (ESI) source, working in negative ion mode, at a flow rate of 
120 μL h-1, with a nebulizer gas pressure of 20 psi and a drying gas pressure of 15 
psi, on a Bruker Daltonics 12 Tesla Apex Qe FT-ICR-MS instrument. The electrospray 
voltage was optimized for each sample. Ions were accumulated in the hexapole for 
2 s before transfer to the ICR cell where a 4 megaword time domain size was used 
to obtain 300 scans co-added in broadband mode using an m/z range of 200 - 1200 
amu. The summed free induction decay signal was zero-filled once and sinebell 
apodized prior to fast Fourier transformation and magnitude calculation using the 
Bruker Daltonics Data Analysis software.  
All mass spectra were externally calibrated to polyethylene glycol standard and 
internally calibrated to a fatty acid series common to natural organic matter and 
other homologous series (as identified by Kendrick mass defect (KMD) analysis) 
present within the sample (Sleighter and Hatcher, 2008). Peaks identified in “blank 
sample” were subtracted from the sample peak list prior to formula assignment. 
Empirical molecular formulas were assigned in the mass range from 300 to 700 amu 
(signal to noise above 3), using an in-house Matlab code (The MathWorks, Inc., 
Natick, MA) according to the following criteria: 12C2 - 50, 1H5 - 100, 14N0 - 6, 16O1 - 30, 32S0 - 
2, and 31P0 - 2 within a maximum error allowed of 1 ppm, and using the rules outlined 
by Stubbins et al. (2010). This corresponds to the standard range of atomic 
composition for NOM: i) O/C ≤ 1.2; ii) 0.35 ≤ H/C ≤ 2.25; iii) N/C ≤ 0.5; iv) S/C ≤ 0.2; 
v) DBE≥0 and an integer value. The parameter number of double bond equivalents 
(DBE) is the number of double bonds and rings in a structure and is calculated by 
Eq. (7) for any molecular formula CcHhNnOoSs: 
 
𝑫𝑩𝑬 =
𝟏 
𝟐
(𝟐𝒄 + 𝒏 − 𝒉 + 𝟐)   7) 
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If several formula candidates existed for a single peak, the formula having the least 
N, S, and/or P atoms was assigned (Kujawinski et al., 2009). However, in cases 
where a formula could not be chosen confidently, the peak was left as unassigned. 
Isotopic peaks containing 13C, which have a larger m/z value by 1.00335 (the mass 
difference between 13C and 12C), were removed prior to formula assignment. 
6.2.3 VISUAL ANALYSIS 
In order to facilitate the interpretation and understanding of the ESI-FT-ICR-MS 
results, we have proposed two guesses, such as: i) only the compounds made up of 
carbon (C), hydrogen (H) and oxygen (O) atoms were conspicuously studied; and, 
ii) these compounds were separated in common for all the samples and in 
compounds that were only found in one sample “unique”, not taking in account the 
compounds that may be common to one, two or three samples. 
The assigned molecular formulas (both common and unique compounds), only 
composed by C, H, and O atoms, were examined using the van Krevelen diagram 
and the Kendrick mass defect (KMD) analysis. The van Krevelen diagram was 
generated from the atomic ratios (H/C and O/C) of each molecular formula inferred 
from the ultra-high resolution mass spectra. The molecular formulas plotted within 
the diagram were categorized into 7 main regions (Figure 22) as Kim et al, (2003) 
suggested. In addition, van Krevelen plots have been used to assess chemical 
reactions at the molecular level, involving loss or gain of elements in a specific 
molar ratio (Kim et al., 2003). Each reaction is collected in a line (Figure 23 red lines), 
which may be mathematically studied using the next equation (8): 
 
𝑯 ⁄ (𝑪 =) − 𝒂 × (𝑶 ⁄ 𝑪) + 𝒃     8) 
 
Where, a and b are the slope and the intercept respectively. The main reactions 
and its value of a and b are collected in Table 5. 
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Figure 22. Van Krevelen diagram for unaffected organic matter held in coarse 
grain-size, from the molecular formulas calculated from the data obtained by ESI-
FT-ICR-MS. Compound classes are represented with different colors. The 
distinctive lines in the plot denote the chemical reactions kept in Table 5. 
 
Table 5: Characteristics of lines connecting products of various chemical reactions 
in the van Krevelen plot. Letter line (Figure 23). 
 
Chemical Reaction Characteristics of the line Letter line 
Methylation/Demethylation b=2 A 
Hydrogenation/Dehydrogenation Vertical line B 
Hydration/Dehydration a=2 C 
Oxidation/Reduction Horizontal line D 
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For a better data interpretation of common CHO compounds, the total abundances 
of the different compounds released from each sample were represented as 
surface density plots (SDPs). The atomic H/C and O/C ratios of the common CHO 
compounds obtained by the ultra-high resolution mass spectrometry are 
represented in the basal plane (x, y axes) whereas the vertical dimension (z axis) 
correspond to the relative intensity of each one. By using an “ad hoc” computer 
program (Almendros et al. 2017), the original z (x, y) vectors were transferred into 
a 50 × 50 matrix by an agglomerative function (i.e., the total abundance values z, 
were summed when overlapping in cells of the discrete plane defined by the 50 × 
50 matrix with the atomic ratios). In a second stage, a total to 3 iterations of the 
moving averages algorithm (i.e., averaging four neighbor cells together each central 
cell) was used to interpolate neighbor z values to yield a density surface. Once the 
surfaces have been obtained, these were saved and edited in a cartographic 
software (Surfer 8; Golden Software, Inc. 2002, USA). Despite the limitations of 
SDPs for comparing multiple samples, the differences between pairs of samples 
(e.g., UBFF vs UBCF or between the burnt size fractions vs unburnt ones) are useful 
to display concentration or selective depletion of the different constituents of 
structural domains. 
Another powerful visual tool is the Kendrick Mass plot, which shows the 
relationship between Kendrick Mass Defect (KMD) of a functional chemical group, 
being oxygen group the chosen for this work, and the Kendrick Mass. The KMD (O) 
value was calculated using the following equations (9 and 10):  
 
𝑲𝑴𝑫 = 𝑲𝒆𝒏𝒅𝒓𝒊𝒄𝒌 𝒎𝒂𝒔𝒔 (𝑶) − 𝑵𝒐𝒎𝒊𝒏𝒂𝒍 𝒎𝒂𝒔𝒔   9) 
 
𝑲𝒆𝒏𝒅𝒓𝒊𝒄𝒌 𝒎𝒂𝒔𝒔 𝒐𝒇 𝑶 = 𝒆𝒙𝒂𝒄𝒕  𝒎 ⁄ 𝒛  𝒗𝒂𝒍𝒖𝒆 𝒐𝒇 𝒑𝒆𝒂𝒌 ×
                                     ((𝒏𝒐𝒎𝒊𝒏𝒂𝒍 𝒎𝒂𝒔𝒔 𝒐𝒇 𝑶) ⁄ (𝒆𝒙𝒂𝒄𝒕 𝒎𝒂𝒔𝒔 𝒐𝒇 𝑶))            10) 
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6.3 RESULTS AND DISCUSSION 
6.3.1 GENERAL SPECTRAL CHARACTERISTICS OF SOM IN EACH SIZE FRACTION 
The coarse fraction of the fire-unaffected soil (UBCF) (Figure 23A) displays a higher 
relative abundance of compounds (peaks) than the unaffected fine fraction (UBFF) 
(Figure 23B). Fire-affected samples exhibit a similar relative intensity (Figure 23C 
and 24D), higher than in UBFF but lower than in UBCF. The shapes of the complete 
ESI-FTICR-MS mass spectra obtained here are comparable to previously published 
spectra from humic acid samples (Kim et al., 2003; Ohno et al., 2010; Didonato et 
al., 2016), showing that peaks are continuously detected along the whole m/z 
range. Each sample produced thousands of singly charged peaks across the m/z 
range selected, with multiple peaks at each nominal mass (Figure 24). Each peak 
represents a molecular compound having particular empirical formulae 
(CxHyNnOzSsPp).  
 
 
Figure 23. FT-ICR mass spectra of soil sample under cork oak cover: a) Unburnt 
coarse fraction; b) Unburnt fine fraction; c) Burnt coarse fraction and d) Burnt fine 
fraction. Each of the spectra has been obtained at a field strength of 12 T. 
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Figure 24. Representative ESI-FT-ICR mass spectrum of unburnt coarse fraction 
(UBCF), A) full mass spectrum; B) expanded view of the 399-420 m/z region; and 
C) expanded view of m/z 410-414. *) shows the separation between two 
compounds only differentiated by a methane-molecule (CH4) or an oxygen-atom 
(O) (m/z=14.0156 Da). 
 
Figure 24 shows a strong predominance of odd-over-even mass ions, typically 
found in humic acid-rich natural organic matter (Kujawinski et al., 2002ab; Stenson 
et al., 2003; Kramer et al., 2004; Koch et al., 2005), as well as typical mass spacing 
patterns (defects) such as 14.0156 Da for CH2-groups and an increase or depletion 
of 0.03636 Da for the replacement of an O-atom by a CH4-molecule. Therefore, 
peaks with low mass defect are either deficient in hydrogen or rich in oxygen i.e., 
oxygenated species, whereas peaks with high mass defect are either rich in 
hydrogen or deficient in oxygen i.e., unsaturated structures (Hockaday et al., 2006; 
Sleighter and Hatcher, 2011; Willoughby et al., 2014). 
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6.3.2 TOTAL COMPOUNDS 
More than 7450 chemical formulas were detected in SOM samples (Table 6). This 
is in line with results recently obtained for humic acids (Ikeya et al., 2013, 2015). 
For the coarse soil fractions, a conspicuous reduction in the number of compounds 
(48 %) is seen after the fire, whereas a small increase is observed for the fine 
fractions (3 %).  
 
Table 6: Number of total chemical formulas found in SOM in particle size fractions 
and those that only contains CHO, CHON, CHOP and CHOS. In addition, the 
number of common and unique compounds containing CHO are indicated. UBCF: 
unburnt coarse fraction; UBFF: unburnt fine fraction; BCF: burnt coarse fraction; 
BFF: burnt fine fraction. 
  UBCF UBFF BCF BFF 
Elements 
Number of 
compounds 
7466 6244 3571 6457 
 Total* 2701 2080 2462 2352 
CHO Common 1717 1717 1717 1717 
 Unique 414 135 193 74 
CHON Total 804 624 673 1155 
CHOP Total 40 141 24 71 
CHOS Total 130 221 75 151 
*) Note that the sum of common and unique compounds is not equal to total CHO compounds. This 
is because in the common compounds group only compounds in common to all samples were 
considered, excluding CHO compounds present in two or three samples. 
 
For the structures only formed by C, H and O the highest amount of compounds 
was found in the coarse fractions (2701 and 2462 for UBCF and BCF, respectively) 
in contrast with the fine fractions (2080 and 2352 for UBFF and BFF, respectively), 
with a difference between fire-unaffected SOM in both coarse and fine fraction of 
over 600 compounds and over 100 for fire-affected ones. The decrease in the 
number of compounds in UBFF compared with UBCF (23 %) suggests that the 
organic material held in microaggregates probably have a comparatively 
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homogeneous composition compared to coarse soil physical compartments. In fact, 
microaggegate soil fractions in general includes organic matter at advanced 
humification stages, transformed after selective depletion of easily-biodegradable 
compounds, and enriched in aliphatic biomass incorporated during microbial 
reworking processes (Oades et al., 1987; Oades, 1988; Baldock et al., 1990; Bird and 
Pousai, 1997). The highest C, H, O compound numbers present in UBCF could be 
related with a higher input of new litter adding higher chemical diversity to this soil 
particle size fraction (Jiménez-Morillo et al., 2016ab). The BCF underwent a 
reduction in the number of compounds (9 %) that may be caused by the removal of 
CO2, NOx and SO2 during the combustion of thermolabile compounds and/or a 
transformation processes of organic compounds (González-Pérez et al., 2004; 
Knicker et al., 2008) yielding combustion products with heteroatoms (N, S or P).  
One of such transformations processes could be Maillard´s reaction that may occur 
during forest fires (Almendros et al., 1997; González-Pérez et al., 2004) producing 
condensation of reducing sugars and the amine groups from amino-acids and 
peptide-like compounds to generate macromolecular substances with nitrogen, 
known as melanoidins (Maillard 1916; Hayes and Swift, 1990).  
On the other hand, the number of compounds present in fine fractions increased 
(13 %) after the fire episode. This could be an effect of the incorporation of partly 
burnt biomass (BC) (Cofer et al., 1997; Kuhlbusch, 1998), and an increase in the 
biogeochemical stability and chemical diversity of the SOM after the thermal 
generation of structures that are not found in soils unless they are affected by fire 
(González-Vila and Almendros, 2003). Skjemstad et al. (1996) suggested that BC 
particles might be added to the smaller soil size fractions, explaining the increase 
in the variability of compounds detected for BFF. 
This is further confirmed from the patterns of compounds containing N in addition 
to C, H, O, that parallels the effect seen for CHO compounds, with fire exerting a 
reduction in the number of structures in the coarse fraction (16% less structures) 
and a conspicuous increase in the fine one (85% more structures) that may be 
caused by an increase in N structures formed “de novo” by the fire i.e. Maillard 
reactions (Almendros et al., 1997; González-Pérez et al., 2004). Significant increases 
in the number and concentration of N-compounds in soils that after a thermal 
impact has been previously found (Almendros and González-Vila, 2012). 
Fire caused a reduction in the total number of compounds containing C, H, O and S 
both for coarse (42 %) and fine (32 %) fractions. The same reduction effect is 
observed for compounds containing C, H, O and P (40% in coarse and 50 % in fine 
  
ULTRA-HIGH RESOLUTION BROADBAND MASS SPECTROMETRY (FT-ICR/MS)  
127 
 
 
 
 
Fi
gu
re
 2
5
. V
an
 K
re
ve
le
n
 d
ia
gr
am
 o
f c
o
m
m
o
n
 C
H
O
 c
o
m
p
o
u
n
d
s 
o
f:
 a
) U
n
b
u
rn
t 
co
ar
se
 fr
ac
ti
o
n
, b
) 
U
n
b
u
rn
t 
fi
n
e 
fr
ac
ti
o
n
, c
) B
u
rn
t 
co
ar
se
 fr
ac
ti
o
n
 a
n
d
 d
) B
u
rn
t 
fi
n
e
 fr
ac
ti
o
n
. B
lu
e
 b
u
b
b
le
s 
re
p
re
se
n
t 
u
n
b
u
rn
t 
sa
m
p
le
s 
an
d
 R
e
d
 b
u
b
b
le
s 
re
p
re
se
n
t 
b
u
rn
t 
sa
m
p
le
s.
 T
h
e
 s
iz
e
 o
f 
b
u
b
b
le
 i
s 
re
la
te
d
 w
it
h
 t
h
e
 r
e
la
ti
ve
 i
n
te
n
si
ty
 o
f 
ea
ch
 c
o
m
p
o
u
n
d
s.
 
  
CHAPTER 6 
128 
fractions). This may also confirm the selective depletion (thermoevaporation or 
condensation) of S and P bearing compounds during the fire. 
6.3.3 COMMON CHO COMPOUNDS 
As shown in Table 6, over 60% of all CHO structures were common for all samples 
(1717 of a total of over 2000). Figure 25 depicts the van Krevelen diagrams of 
common CHO compounds from unburnt and burnt fractions obtained by ultra-high 
resolution mass spectrometry. All common compounds fall in the atomic chemical 
regions previously proposed by Kim et al. (2003) and that corresponds mainly to 
plant-derived materials (Sutton and Sposito, 2005); H/C values in the range 0.4 to 
2.0 and O/C between 0.1 and 1.2. Despite, that van Krevelen diagrams of each soil 
sample shows the same “profile” (i.e. each CHO compound is located in the same 
van Krevelen space for all the samples), at a first sight group of compounds with 
different relative intensity (clusters of bigger bubbles) are distinguishable placed in 
well differentiated regions. This indicates that the chemical composition of SOM 
differs among samples. Firstly, all samples exhibit a cluster in the protein-like 
compounds region (0.2<O/C<0.4 and 1.5<H/C<2.0; Kim et al., 2003) which is 
probably associated with a large relative abundance of microorganism derived 
biomass. Overlooking those compounds, each sample shows clusters of common 
compounds in a characteristic region within the diagram (Figure 25). It is difficult to 
detect the real location and relevance of clusters of compounds using conventional 
2D van Krevelen diagrams (i.e., Figure 25). Consequently, we used the SDP tool 
(Almendros et al., 2017) adapted for the first time to ESI-FT-ICR/MS datasets. Using 
this tool, we obtain a clear image of the compound clusters in 3D van Krevelen 
diagrams (Figure 26).  
The main UBCF’s cluster (Figure 26A) is in the lignin/tannin-like region (0.5 < H/C < 
1.5 and 0.5 < O/C < 0.9) suggesting a relevant contribution from fresh material. 
Biomass litter is predominantly formed by carbohydrate, lignin and tannin 
compounds. However, the detection of carbohydrate-like compounds by ESI-FT-
ICR-MS is not very efficient due to its low ionization (Ikeya et al., 2013). For UBFF 
sample (Figure 26B) the main compound cluster is in the lipid-like and protein 
regions (0.2<O/C<0.5 and 1.0<H/C<2.0), which may be linked to a more humified 
organic material from a reworking process by microbial activity (Hatcher et al., 
1983; Baldock et al., 1992). The more biologically altered material present in the 
UBFF can be better seen in the subtracted SDPs van Krevelen surfaces (Figure 26E) 
where the enrichment of lipid compounds and the depletion of fresh material 
(lignin/tannin-like compounds) is also related with the depletion and decrease in 
the number of CHO compounds (Table 6).  
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Figure 26. Surface density map displaying cumulative abundances of SOM 
inferred by ESI-FT-ICR/MS data represented in the space defined by their H/C and 
O/C atomic ratios in a classical van Krevelen’s (1950) diagram. A) Unburnt coarse 
fraction (UBCF); B) unburnt fine fraction (UBFF); C) burnt coarse fraction (BCF); D) 
burnt fine fraction (BFF). Outside the discontinuous box, it is depicted the 
subtracted surface density plot of E) UBFF and UBCF; F) BFF-BCF; G) BCF-UBCF; 
and H) BFF-UBFF. 
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This comparatively higher contribution of litter in coarse soil fractions has been 
classically observed using other analytical techniques, e.g. carbon isotope 
composition (Bird and Pousai, 1997; Jiménez-Morillo et al., 2017) and analytical 
pyrolysis (Jiménez-Morillo et al., 2016ab). 
Concerning fire-affected samples, the SOM retained in the coarse fraction (BCF: 
Figure 26C) shows major clusters in lignin-like regions (0.5 < H/C < 1.5 and 0.5 < O/C 
< 0.9) and in the aromatic region as seen in Figure 22 and defined by Koch and 
Dittmar (2006) (modified aromaticity index of 0.5≤ AImod <0.67) slightly shifted 
towards lower atomic H/C and O/C values as compared with the UBCF (Figure 25A 
and Figure 26A). This cluster shift to lower atomic ratio values may reflect an 
external input of partly charred material with altered lignin (defunctionalized 
methoxyphenols) which is particularly fire-resistant (Chandler et al., 1983; Bird et 
al., 2000).  
However, other feasible reasons could be related to fire-developed reactions, such 
as: i) dehydration of carbohydrates producing compounds with low aromaticity 
(Almendros et al., 1990; Knicker et al., 1996; De la Rosa et al., 2008b); and, ii) 
cyclization of alkyl compounds i.e. alkanes, fatty acids, waxes, to produce alkenes 
(Saiz et al., 1994), followed by a cycloaddition [4+2] and subsequent 
dehydrogenation yielding single-ring aromatic compounds (Diels and Alder, 1928; 
Williams and Horne, 1995) previously found for degraded lignin (Waggoner et al., 
2015). On the other hand, SOM in BFF exhibits two clusters incontrasting regions 
(Figure 26); one in the lipid/protein-like region (0.2 < O/C < 0.5 and 1.0 < H/C < 2.0) 
and other in the region for condensed structures (Figure 22) (modified aromaticity 
index, AImod ≥ 0.67). The former cluster may have the same source than that of its 
unaffected counterpart fraction (UBFF) and or to additional incorporation of 
microbial lipid material from fire damaged cell walls (Oades, 1988, 1994; Skjemstad 
et a., 1996). The second cluster could be better associated with an input of fine 
particles of partly charred necromass produced during biomass burning as for BCF. 
These kind of particles may be either deposited on the site as fire remains or 
transported by the wind (aerosols, fly ashing, etc.) in the form of microparticulate 
charcoal particles and/or soot (Simoneit, 2002; González-Pérez et al., 2004; 
Willoughby et al., 2016) that can be transported over long distances (Kuhlbusch, 
1998; Willoughby et al., 2016). This could explain the increase in the number of 
compounds of C, H and O in BFF sample. A relatively high contribution of lignin-like 
compounds is also observed in this sample, supporting the idea that small partially 
charred particles contains relevant quantities of lignin-derived compounds 
(Skjemstad et al., 1996; De la Rosa et al., 2008b). The SOM composition in BFF 
sample suggested the existence of two distinctive carbon pools; one from the 
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natural decomposition of organic material and other from the addition of fire-
altered, charred material which is also consistent with previous results using 
analytical pyrolysis (Jiménez-Morillo et al., 2016b) and stable isotope techniques 
(Jiménez-Morillo et al., 2017). 
6.3.4 UNIQUE CHO COMPOUNDS 
The non-common compounds that are unique to a particular sample were plotted 
in a 2D modified van Krevelen diagram (Figure 27). This figure simultaneously 
provides improved qualitative and quantitative information concerning differences 
in SOM composition at the molecular level. We could assume that these unique 
compounds result from SOM alteration produced by both biotic (microbial activity) 
and abiotic (fire) factors. 
 
 
Figure 27. Van Krevelen diagram of CHO compounds uniquely present in each one 
of the soil samples chosen for this work. Dark blue bubble correspond to UBCF; 
Light blue bubble correspond to UBFF; Dark red bubble correspond to BCF and 
Light red bubble correspond to BFF. The bubbles diameter is related to the 
relative intensity of each compounds. 
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In the UBCF, most of compounds lay in the van Krevelen tannin/lignin region, 
pointing to a polyphenolic nature, together with some unique compounds in the 
polysaccharide area. This indicate that UBCF has a strong lignocellulosic character 
resembling to that of fresh plant biomass. 
The highest number of non-common, unique, compounds in the UBFF are in the 
lipid/protein-like region. This indicate residual lipid-derived compounds that have 
been traditionally associated with microbial activity, including alkyl compounds 
formed during lignocellulose degradation (Ellwardt et al. 1981; Deschamps, 1989, 
Baldock et al., 1990; Higuchi et al., 2004; Rabbi et al., 2014). On the other hand, 
UBFF exhibits a number of CHO structures in the ‘condensed-like’ region (C-HC area 
Figure 22) which is compatible with major contributions from soot particles. 
The BCF displays the highest number of unique CHO compounds in the aromatic 
region (low O/C value) clearly indicating chemical reduction processes induced by 
the effect of fire. These compounds have similar H/C values than those in UBCF. A 
close inspection of BCF and UBCF using the Kendrick mass (KMD) analysis (Figure 
28) brought to light that fire induces the removal of external oxygen-groups of 
polyphenolic compounds. Effectively, comparing the molecular formulae of unique 
compounds in BCF and UBCF, the majority of compounds in UBCF have at least one 
homologous formulae with the same number of C and H atoms but lower number 
of O than that in BCF (Table A3 and A4). These homologous compounds have the 
same H/C ratio, KMD (O) and DBE values, but different O/C ratio and AI mod values, 
indicating that no changes in aromaticity has occurred and that the only structural 
difference between homologous is in the number of oxygen atoms. An example of 
this is shown in Figure 29 using two model tannin structures (non-condensed Figure 
29A and condensed Figure 29B) and where it is shown how the oxygen-containing 
groups that may undergo a reduction process could be hydroxyl or carboxyl. Fire 
may act on these molecules by reducing carboxyl-groups to aldehydes and the 
removal of hydroxyl-groups yielding water. This could generate a “carbanion” (C 
atom with a negative charge) able to catch a hydrogen without any aromatization 
process. This proposed mechanism is in agreement with changes after fires in the 
soil organic matter (Almendros et al., 1990, 1992) who observed that thermal 
treatment removes preferentially external oxygen-groups yielding materials with a 
comparatively reduced solubility and colloidal properties. 
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Figure 28. Kendrick Mass Defect of oxygen “KMD (O)” plot of coarse fraction 
samples. Blue bubbles correspond to unburnt coarse fraction (UCF) and red 
bubbles correspond to burnt coarse fraction (BCF). The bubbles diameter is 
related to the relative intensity of each compounds. 
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Aside from the main cluster of aromatic compounds, BCF also shows unique CHO 
clusters in two other regions i.e. i) carbohydrate-like and ii) lipid-like regions. The 
BCF´s cluster in carbohydrate region exhibits lower atomic H/C and O/C values 
than those of UBCF suggesting that fire may also exert chemical alteration of 
biomass (litter), i.e., one out of the possible chemical reactions could be 
carbohydrate dehydration reactions (Feather and Harris, 1973) may lead to 
macromolecular substances, referred to as “pseudomelanoidins” with 
characteristics in common with Maillard products, but N-lacking and that may be 
formed from the condensation of simple sugars (Hodge, 1953; Almendros et al., 
1989; Almendros and Leal, 1990). 
The BFF displays two clusters of unique compounds located in i) lipid/protein-like 
region and ii) condensed-like region (Figure 26). The lipid/protein-like compounds 
may have the same origin than that in UBFF. However, a close inspection reveals a 
little but consistent O/C-increase of BFF unique compounds that could be an 
indication of i) the effect of heat in soil microorganisms releasing polypeptide-
derived substances; and, ii) the secondary microbial oxidation of fire-altered 
macromolecular lipidic substances, producing carboxyl-containing structures 
(Almendros et al., 1990, 1992). Concerning the cluster of compounds in the 
condensed condensed-like region (C - HC area) may have different origins i) fire 
alteration of polyphenolic compounds through a dehydration process; and ii) fire-
mediated cyclation of lipid-like compounds. It is known that the latter mechanism 
may lead to soot rich in condensed BC-like material (Knicker et al., 1996; Almendros 
et al., 2003). 
There are also compounds in other regions of the van Krevelen plot such as the soot 
region (H/C < 1 and O/C < 0.2). Both UB samples (coarse and fine fractions) and BFF 
displayed unique compounds in this region, but no compounds in this area were 
found for BCF. As previously commented, the existence of soot particles in BFF may 
reflect inputs from charred material, whereas soot particles in a soil fractions not 
affected by the wildfire may be due to an input of micropaticulate pyrogenic 
material transported by the wind to the unburnt soil location. Soot particles are 
remarkably recalcitrant as regards biological and chemical degradation (Masiello 
2004; Knicker et al., 2007) and this fact, in, conjunction with the recurrent burning 
history in Doñana National Park is compatible with the existence of an inherited 
soot pool from older wildfires in unburnt soils (Jiménez-Morillo et al., 2016b). 
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7.1 INTRODUCTION 
Hydrophobicity or water repellency (WR) generates hydrological, 
geomorphological and ecological negative and positive impacts on the ecosystems 
(Jordán et al., 2013). Hydrophobicity has been detected in forest and agricultural 
soils exposed to different managements, climatic conditions and vegetation covers 
(Doerr et al., 2000). Reduced soil infiltration rates, enhanced overland flow, soil 
erosion, preferential flow, nutrient losses, leaching of agrochemicals, limited seed 
germination and plant growth are considered as negative impacts (Imeson et al., 
1992; Ritsema et al., 1993; Jordán et al., 2008). In contrast, enhanced soil carbon 
sequestration and aggregate stability are positive ones (Piccolo et al., 1999; Mataix-
Solera and Doerr, 2004; Goebel et al., 2011).  
The soil WR varies largely in severity and spatial distribution (Jungerius and De Jong, 
1989; Ritsema and Dekker, 1994). It is influenced by several biotic and abiotic 
factors. Some of the abiotic factors are soil texture, temperature and water 
content, which may be associated to climate changes and wildfires (Doerr et al., 
2000, 2006). The main biotic factors are quantity and quality of soil organic matter 
and vegetation cover (Buczko et al., 2005; Lozano et al., 2013; Jiménez-Morillo et 
al., 2016a). The presence of hydrophobic organic compounds in soil is thought to 
be responsible for increasing soil WR persistence and intensity (DeBano et al., 
1976). These are mainly derived from plant leaf waxes, decomposing organic 
matter, root exudates, and microbial biomass. Hydrophobic organic compounds are 
thought to form a water repellent coating on soil particle surfaces and/or form 
interstitial hydrophobic particles (McGhie and Posner, 1980; Franco et al., 2000). 
Thus, soil texture also affects soil WR. It is generally argued that highest 
hydrophobicity is associated with coarse soil textural fractions because of its low 
specific surface needing small amount of hydrophobic organic compounds (Roberts 
and Carbon, 1972; DeBano, 1991). However, other authors have found conspicuous 
hydrophobicity in fine soil fractions (Doerr et al., 1996; Jiménez-Morillo et al., 
2016a). The relatively fine particulate organic matter collected in fine soil fractions 
is itself hydrophobic (De Jonge et al., 1999). In a recent study, De Blas et al. (2013) 
indicated that soil WR could be related to the molecular composition of the organic 
material present in soil rather than to the TOC content. 
Various experimental efforts have been directed to discern the relationship 
between SOM molecular composition and properties, including WR (DeBano et al., 
1976; Jiménez-Morillo et al., 2016a). One of the most important compound families 
related to soil WR is the various lipids (Dinel et al., 1990; Rumpel et al., 2004; Lozano 
et al., 2013). This encompasses a wide variety of hydrophobic compound classes, 
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including fat, waxes, steroids, terpenes, phospholipids, photosynthetic pigments 
(mainly chlorophylls), polycylic aromatic hydrocarbon, and resins (González-Pérez 
et al., 2004; De Blas et al., 2013). Doerr et al. (2000) grouped the main hydrophobic 
lipids in aliphatic hydrocarbons and amphiphilic substances. These last can be 
highly effective to generate a hydrophobic coating when their polar ends bind the 
soil surface particles. Natural amphiphilic polymeric macromolecules and modified 
biopolymers, such as humic and fulvic acids have been studied as possible source 
of soil hydrophobicity in environmental samples (Khan and Schnitzer, 1972). Their 
results suggest that hydrophobic material is covalently bound in the structure of 
the humic macromolecules. 
Fire is known to induce soil hydrophobicity and also to preserve, increase or even 
destroy WR, depending largely in fire conditions (e.g., intensity, burning time, load 
fuel) (Neary et al., 1999; Zavala et al., 2014ab). Fire conspicuously affects the most 
reactive uppermost horizon of soils (Badía et al., 2014a; Aznar et al., 2016). These 
shallow soil layers usually have the highest amount of organic matter from both live 
and dead (litter) biomass, and the highest concentrations of hydrophobic 
compounds. The combustion of shallow soil layers can induce, enhance or destroy 
soil WR (Savage et al., 1974; DeBano et al., 1976) and this is caused by the 
incomplete combustion of organic matter, at a temperature range between 175 
and 205 °C. This combustion produces volatile organic compounds, some of them 
may condense at cooler soil depths, coating the mineral particles (DeBano et al., 
1976). Nonetheless, the combustion at temperature above 270 °C may destroy soil 
WR by complete removal of the hydrophobic substances (Savage et al., 1974; 
Granged et al., 2011b). 
Some researchers have studied the shifts in hydrophobicity with depth in fire 
affected soils (DeBano et al., 1976; Granged et al., 2011a; Badía et al., 2014ab). 
Other focused on changes of hydrophobicity in different soil texture fractions 
(Bisdom et al., 1993; González-Peñalosa 2013). However, research aimed to study 
the effect of wildfires on soil hydrophobicity using lipid extraction (LE) and 
chromatography/mass spectrometry (GC/MS) characterization is scarce 
(Atanassova and Doerr, 2013). In a previous study, we found significant differences 
in WR among different particle size fractions in a sandy soil developed under four 
different vegetation covers (Jiménez-Morillo et al., 2016a). We advanced that the 
n-alkanoic acids were the main organic compounds associated with soil WR. 
Following this research, this study aimed to unravel the chemical factors related to 
soil organic matter controlling the hydrophobicity in both, burnt and unburnt low-
complexity soil textured (sandy soil) and their particle size fractions. 
 
WILDFIRE EFFECTS ON LIPID COMPOSITION AND HYDROPHOBICITY  
143 
7.2 MATERIAL AND METHODS 
7.2.1 STUDY AREA AND SAMPLING 
A Mediterranean arenosol (WRB 2015) located in the Doñana National Park (SW 
Spain), was chosen for this study. The Doñana National Park has been recurrently 
affected by wildfires ranging from low to medium-high intensity. A detailed 
description of the area can be found in Jiménez-Morillo et al. (2016b). In short, the 
study area (ca. 300 ha) was affected by an intense wildfire during the summer of 
2012. The chosen soil was located under cork oak (Quercus suber) vegetation and 
sampling was carried out two years after the fire episode. Two composite samples 
were taken; one in a burnt area (37o 7´ 21.95” N; 6o 26´ 53.44” W) and the other in 
a nearby area not affected by the fire (37o 7´ 23.69” N; 6o 26´ 51.53” W) with similar 
physiographic and vegetation characteristics. Each composite sample was made by 
combining six sub-samples taken within a circular area of ca. 20 m2 under a well-
developed vegetation cover. After the removal of the litter layer, the top 5 cm of 
soil was sampled and transported to the laboratory in glass containers. The soil 
samples were air-dried during one week at room temperature and sieved (<2 mm, 
fine earth) to remove gravel and litter fragments. Each fine earth sample was 
further divided by dry sieving in six particle size fractions: 1-2, 0.5-1, 0.25-0.5, 0.1-
0.25, 0.05-0.1 and <0.05 mm. These were sorted in three categories: coarse (2-1 
and 1-0.5 mm), medium (0.25-0.5 and 0.1-0.25 mm), and fine (0.05-0.1 and <0.05 
mm). 
7.2.2 SOIL WATER REPELLENCY MEASUREMENT 
The soil WR measurement was done using the water drop penetration time (WDPT) 
test, which is widely accepted measure of the soil WR persistence (van´t Woudt, 
1959). The WDPT was done for the bulk soil samples, as well as for each particle 
size fractions in a laminar flow hood. The here reported WDPT values are the 
average of 5 individual measurements made on each soil sample. 
7.2.3 FIELD EMISSION SCANNING ELECTRON MICROSCOPY 
Field emission scanning electron microscopy (FESEM) was used to study the surface 
topography of burn and unburnt soil samples. Associated energy dispersive X-ray 
spectroscopy (EDS) microanalysis allowed to discern between organic (carbon) vs 
inorganic (silica) soil components i.e. sand grains, coatings, hyphae and other 
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organic particles. Bulk fragments were directly mounted on a sample stub and 
sputter coated with a thin gold/palladium film. Subsequently, samples were 
examined on a Jeol JSM-7001F microscope equipped with an Oxford X-ray energy 
dispersive spectroscopy (EDS) detector. The FESEM was operated in secondary 
electron (SE) detection mode with an acceleration potential of 15 kV. 
7.2.4 EXTRACTION AND DERIVATIZATION OF SOIL LIPIDS 
All the organic solvents used were of a quality suitable for chromatography (Merck 
Chemicals, VWR International, Switzerland) and glass-distilled shortly before use. 
The glassware was thoroughly washed with deionized water and heated (480 °C, >4 
h) before use. The lipids were soxhlet-extracted from 10 g of soil with a mixture of 
dichloromethane-methanol (3:1 v/v) for 7 h. Activated copper curls were added to 
remove elemental sulfur. The extracts were gravity-filtered and dried under clean 
N2 flow. The EOM content (in mg/g soil) of burnt and unburnt soil samples (bulk 
and particle size fractions) were gravimetrically determined as in González-Vila et 
al. (2003). A second extraction including an internal standard was performed at the 
IDYST-UNIL laboratories for identification and quantification of individual fatty 
acids. Soil aliquots (∼1.5 g) with a fatty acid standard (300 μL of deuterated 
arachidic acid. IS-2, D39C20:0) were extracted by sonication with solvents of 
decreasing polarity (2x10 min in 10 mL of MeOH, MeOH/CH2Cl2 1:1 v/v and CH2Cl2) 
as in Spangenberg et al. (1998, 2006). The extracts were combined and the solvent 
removed via gentle evaporation under clean N2 flow. Fatty acids were saponified 
with 1M KOH (90 % EtOH) at room temperature for 16 h. Neutral lipids (non-
saponifiable) were then extracted with hexane aliquots, and recovered by removing 
solvent under N2 flow. The acid fraction was acidified with 1N HCl, extracted with 
hexane (3 times with 5 mL) and methylated with BF3/MeOH (14 %) to yield fatty 
acid methyl esters (FAMEs). The neutral lipids were silylated with 50 μL N,O-
bis(trimethylsilyl)trifluoro-acetamide (BSTFA) and 50 μL toluene. The FAMEs were 
stored in 1 ml hexane and the silylated lipids in excess BSTFA in toluene, both in 2 
ml vials with PTFE lined screw caps at 4 °C until GC analysis. 
7.2.5 CHEMICAL CHARACTERIZATION AND QUANTIFICATION OF FREE LIPID BY 
GC/MS AND GC/FID 
Chemical characterization of the FAMEs and neutral lipids was performed by gas 
chromatography/mass spectrometry (GC/MS). The instrument consisted of a gas 
chromatograph (Agilent 6890) attached to a single quadrupole mass selective 
detector (Agilent 5973N), operating at 70 eV (source temperature 230 °C and 
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quadrupole temperature 150 °C) in the electron ionization mode with an emission 
current of 1 mA and multiple-ion detection over the mass range m/z 45-650 with 
1.49 scans s−1. Helium was used as carrier gas (1 mL min-1 constant flow). Two 
different fused silica columns and GC temperature programs were used to analyze 
short and long chain length FAMEs. For C<20 FAMEs a HP-FFAP fused-silica column 
coated with 0.33 μm nitroterephthalic acid-modified polyethylene glycol stationary 
phase (50 m × 0.20 mm i.d.; Agilent Technologies, Basel, Switzerland) was used. 
Samples were injected splitless at 200 °C. After a first period of 2 min at 100 °C, the 
column was heated to 240 °C (held for 30 min) at 5 °C min-1. For long chain length 
FAMEs a HP-5MS fused-silica capillary column coated with 0.25 μm cross-linked 5 
% diphenyl - 95 % dimethyl siloxane stationary phase (60 m x 0.32 mm i.d.; Agilent 
Technologies, Basel, Switzerland) was used. Samples were injected splitless mode 
at 280 °C. After an initial period of 1 min at 70 °C, the column was heated to 290 °C 
(held for 30 min) at 4 °C min-1. The same column and chromatographic conditions 
were used for identification and quantification of neutral lipid fraction. Compound 
assignment was bases on comparison with standard mass spectra in the NIST14 
Mass Spectral Library (National Institute of Standards and Technology, 
Gaithersburg, MD, USA), GC retention time, and MS fragmentation patterns.  
Concentrations of the FAs were determined by gas chromatography/flame 
ionization detector (GC/FID) using a 7890B gas chromatograph and automated 
injection system (ALS 7693A) with a flame ionization detector (Agilent Technologies 
Wilmington, DE, USA). The columns (FFAP for C<20 FAMEs and HP-5MS for C≥20 
FAMEs and neutral lipids) and chromatographic conditions were the same to those 
used for GC/MS. Quantitative data of the FAs were obtained from the total peak 
areas detected from GC/FID relative to the area of the internal standards of known 
concentrations. The concentration values were expressed as µg FAME per g of soil 
(µg/g soil).  
For analytical procedure testing, several blank runs were performed. The absence 
of measurable recovered extract in the blanks indicates that no detectable 
laboratory contamination was introduced in the samples. 
7.2.6 STATISTICAL DATA ANALYSIS 
Shapiro - Wilk test was used to check the normality of WDPT data distribution. As 
this assumption was not met, a non-parametric test (Kruskal - Walis test) was used 
to study significant differences (p<0.05) among soil samples and particle size 
fractions between and among burn and unburnt scenarios. Linear regression was 
used to determine the correlation between TOC content and WDPT values. 
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Principal component analysis (PCA) was used to explore the possible associations 
between variables determining the quantity and quality of SOM and lipid 
compounds and the soil WR (assessed by the WDPT values). Statistical analyses 
were performed using the IBM® SPSS (© SPSS Inc., 1989) 23rd version for Windows 
software package. 
7.3 RESULTS AND DISCUSSION 
7.3.1 RELATIONSHIP BETWEEN SOM AND SOIL WR 
The WDPT results showed significant differences (p<0.05, Kruskal-Wallis test) 
between unburnt and burnt soil samples, and among particle size fractions (Table 
7). In unburnt soil the most repellent were the coarse and fine fractions (1-2 mm = 
1766 and <0.05 = 1366 s, respectively), and the medium size fractions (0.5-0.05 
mm) had the lowest WDPT values (104 - 233 s). In burnt samples the fine (<0.1 mm) 
fractions were the most repellent (549 - 783 s), and the coarser fractions the less 
repellent (65 - 247 s). The TOC content in unburnt soil was high in the coarse 
fractions (1-2 and 0.5-1 mm, 15.7 and 14.0 wt. %, respectively) compared to <0.5 
mm fractions (5.8-7.3 wt. %). In burnt samples the TOC content is only slightly 
higher in the coarse fraction (1-2 mm, 27.9 wt. %) compared to the finer fractions 
(7.4-9.5 wt. %). 
In unburnt soil samples a positive correlation was found for TOC-WDPT (r = 0.81, p 
= 0.03, n =7) was found (Figure 30A). This is in agreement with previous studies 
(Mataix-Solera and Doerr, 2004; Mataix-Solera et al., 2007; Jiménez-Morillo et al., 
2016a). Such correlation is probably due to the accumulation of hydrophobic 
organic compounds from plant biomass and root exudates (Dekker and Ritsema, 
1996; Doerr et al., 1998), microbial derived material (Savage et al., 1972; Jex et al., 
1985) and/or decomposing organic matter (McGhie and Posner, 1980). The highest 
TOC content and its relation with a higher WDPT in the coarse fractions may be 
related to a higher amount of hydrophobic organic compounds (e.g., epicuticular 
waxes, discussed below) associated to fresh biomass rich in plant debris (DeBano 
et al., 1976; Jiménez-Morillo et al., 2016ab). FESEM images revealed the presence 
of an organic matrix in the coarse fraction, which consisted mainly of plant remains, 
degraded organic matter, some microbial structures, mainly extracellular polymeric 
substances (EPS) in microbial aggregates (Figure 31A and B). This biopolymer favors 
the adherence of microbial cells and particulate matter (Costerton et al., 1995).  
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It consists of polysaccharides, fatty acids, proteins and enzymes (Redmile-Gordon 
et al., 2014), which could explain the high soil WR (high WDPT values) observed in 
unburnt coarse fraction. Recently was shown that biofilms on rock surfaces may 
help condensate water (Riquelme et al., 2015). A similar phenomenon may occur 
on EPS-coated mineral grains in uppermost soil layers. The fine fraction (<0.05 mm) 
has higher WDPT value (1289.2 s) than the coarse fraction (1-0.5 mm), despite its 
low TOC content (7.3 wt. %). This may be explained by the high content of 
hydrophobic fine organic material in the soil fine fractions (Doerr et al., 1996; De 
Jong et al., 1999; Jiménez-Morillo et al., 2016). Substances derived from microbial 
activity (glomalin) may increase soil WR in fine fractions (Lozano et al., 2016ab). 
FESEM images did not show the existence of any organic matrix in the fine fractions 
(Figure 31C) as observed in the coarse one. However, a thin layer predominantly 
formed by EPS was observed coating the mineral grains (Figure 31D). Such type of 
organic covers was previously observed forming a hydrophobic skin on soil particle 
surfaces or an interstitial hydrophobic layer between mineral particles (McGhie and 
Posner, 1980; Franco et al., 2000; Jiménez-Pinilla et al., 2016b). The latter may also 
act as cementing agent to form micro aggregates with high WR (Bisdom et al., 
1993). 
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Figure 30. A) Relationship between total organic carbon (TOC) and WR for burnt 
and unburnt soil samples. B) Relationship between extractable organic matter 
(EOM) and WR for burnt and unburnt soil samples. 
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Figure 31. FESEM images of the unburnt (A-D) and fire-affected (E-H) soil samples. 
A, B) coarsest size fraction showing the organic matrix. C, D) finest size fraction. 
Thin layer of EPS and organic remains coats the mineral grains. E, F) coarsest size 
fraction revealing mineral particles not entrapped into the organic matrix. G, H) 
thin organic layer coating the mineral particles in the finest soil fraction. Scale 
bars = 10 μm. 
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7.3.2 RELATIONSHIP EOM CONTENT AND SOIL WR 
The relative high EOM content of unburnt coarse (>0.5 mm, EOM >1.5 mg/g soil) 
fractions may be related to their high fresh biomass content, which has a relative 
high lipid content. In contrast, the high amount of EOM in the fine fraction (<0.05 
mm, 1.3 mg/g soil) may be associated to an important contribution of lipids from 
organisms (i.e. bacteria, fungi, and also nematodes, protozoa, arthropods), 
detritus, and (partially) degraded organic matter. The EOM content and WDPT are 
positively correlated (r = 0.87, p = 0.01, n = 7) (Figure 30B). Similar correlation was 
recently reported between total lipids and WR determined in soils under Pinus 
halapensis and Quercus rotundifolia (Lozano et al., 2013). 
The large EOM content in burnt bulk sample points to an external input of lipids 
from burnt aboveground biomass. Epicuticular waxes and other lipid compounds 
released from the thermal distillation of litter layer may condensate on the soil 
surface and incorporate to soil (Almendros et al., 1990). The burnt bulk soil sample 
had an EOM content (2.58 mg/g soil) 25 times higher than its unburnt homologue 
(0.11 mg/g soil) (Table 7, Figure 30B). Coarse and fine fractions (1-2 and 0.5-1, and 
<0.05 mm) in unburnt samples have high amount of extractable lipids (2.87 and 
1.53, and 1.27 mg/g soil, respectively). The EOM content in burnt 0.25-0.5 and 0.05-
0.1 mm fractions was higher than in their unburnt homologues, in the other 
fractions, the trend is the opposite. This increase may be caused by an external 
addition of lipid-rich charred material, like suberin (Nierop, 1988; González-Pérez 
et al., 2004; Jiménez-Morillo et al., 2016b), or to a heat-sterilization of soil, releasing 
lipid-rich cellular wall moieties (González-Pérez et al., 2004). No correlation was 
found between EOM contents and WDPT (r = 0.13, p = 0.79, n = 7), despite some 
relatively high values measured for some fractions. This may indicate that soil WR 
not only depend on the total lipid content but rather of their specific chemical 
composition (Horne and McIntosh, 2000; Lozano et al., 2013). 
7.3.3 FATTY ACID DISTRIBUTION AND ABUNDANCES 
Figure 33 depicts the total ion chromatograms (TIC) of saponifiable lipid compounds 
in burnt and unburnt coarse and fine soil fractions (1-2 and <0.05 mm, respectively). 
The saponifiable lipids are mainly composed of FAs (n-carboxylic acids as FAMES) 
and include free FAs, ester-linked FAs, and phospholipid FAs. Some small to trace 
amount of other acid or neutral lipids extracted from the soils were also observed 
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Figure 32. GC/MS total ion chromatogram (TIC) of saponifiable lipid extracted 
from the unburnt and burnt coarse (1-2 mm) and fine (<0.05 mm) fractions. 
Chromatograms normalized to internal standard peak “Deuterated Arachidic 
Acid” (IS-2). 
 
in the TICs. The FAs are abbreviated as x:y, where ‘x’ is the number of carbons and 
‘y’ the number of double bonds. 
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All the samples showed a similar distribution of FAs in the C14 to C32 range. Clear 
differences were found mainly in the relative abundances of the FAs. The main 
saturated acids were the even carbon number straight-chain chains 14:0 (myristic 
acid), 16:0 (palmitic), 18:0 (stearic), 20:0 (arachidic), 22:0 (behenic), 24:0 
(lignoceric), 28:0, 30:0 and 32:0. Two modes were observed in all samples, at 16:0 
and 30:0. Small amount of odd acids, including 15:1, 17:0, 19:0, 21:0, 25:0 27:0, 
29:0 and 31:0 maximizing at 15:0 and 29:0 were present in all samples. These FAs 
and the branched Me-14:0, Me-15:0 and Me-16:0 are common in lipids of soil 
microbial assemblages (Tunlid, 1992). The most abundant monounsaturated FAs 
were 16:1, 17:1, 18:1 and 22:1, and the main polyunsaturated FAs was 18:2. 
The amount of total fatty acids (TFAs) for burnt and unburnt samples can be found 
in Table 7. Figure 33A shows bar diagrams help the comparison of the FA 
concentrations before and after wildfire in the different soil fractions. The TFAs 
content for bulk burnt and unburnt soil samples are 108.2 µg/g and 96.6 µg/g 
respectively. The unburnt coarse fractions (1-2 and 0.5-1 mm) had the highest TFAs 
content (628.6 and 201.5 µg/g soil, respectively). The fine fraction (<0.05 mm) had 
more FAs than the medium fractions (<0.05 mm, 107.2 µg/g soil; 0.05-0.5, 52.6 µg/g 
soil). A similar trend was observed for the burnt soil particle size fractions but with 
two main differences: i) the burnt coarse fraction (1-2 mm) was depleted in FAs 
compared with the unburnt (361.8 µg/g soil), and ii) the other burnt soil particle 
size fractions were enriched in FAs. The highest FAs content (129.2 µg/g soil) was 
observed in the fine fraction (<0.05 mm). The average TFAs in the burnt soil medium 
size fractions (0.05-0.5 mm) was almost twice higher than that in the unburnt ones 
(burnt 0.05-0.5 mm = 110.6 µg/g soil; unburnt 0.05-0.5 mm = 52.6 µg/g soil). Using 
analytical pyrolysis (Py-GC/MS) for the same soil samples, Jimenez-Morillo et al. 
(2016b) observed the same trends, i.e., fatty acid depletion in the coarse fraction, 
and increase in the fine fractions after fire. This confirms the loss of lipids by 
combustion of litter layer and/or soil organic materials in the coarse particles, 
producing medium/fine charred particles (soot) and their subsequent input with 
condensed lipids in fine fractions (Skjemstad et al., 1996). In summary, the main 
difference between unburnt and burnt soil are the relative depletion or enrichment 
in individual FAs. The unburnt coarse size fraction (1-2 mm) had a relatively high 
content of long chain acids (C28 and C30), confirming the influence of fresh material 
(Eglinton and Hamilton, 1967; Goñi and Hedges, 1990; Spangenberg et al., 2006). 
Medium/fine fractions (<1 mm) shows a dominance of medium length chains (C22 
and C24) reflecting a more evolve organic material (Hatcher and Spiker, 1988; 
Almendros and González-Vila, 2012). This indicates the existence of two different 
soil organic matter pools, in the uppermost layers, one fresh and other recycled and  
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Figure 33. Chemical distribution and relative abundance (%) of (A) n-alkanoic 
acids, (B) n-alkan-1-ols and (C) n-alkanes from burnt (red bars) and unburnt (blue 
bars) soil samples. 
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humified. The burnt coarse fraction (1-2 mm) was found depleted in C16 and C28-C32 
chains, and had elative higher abundance of C18 and C15 FAs. This is in line with 
previous studies (Almendros et al., 1988; Tinoco et al., 2006; González-Pérez et al., 
2008), which suggested that fire cause thermal fragmentation of long chain 
molecules and a selective decrease in chain length, increasing the relative 
abundance of short-chain (C<24) fatty acids. In medium and fine size fractions (<1 
mm) a gradual increase in the relative amount of C22-C30 FAs was observed, 
indicating the additional input of partly charred biomass rich in lipids probably 
originated from cork moieties, such as suberin (Nierop, 1988; Jiménez-Morillo et 
al., 2017). 
7.3.4 NON-SAPONIFIABLE LIPIDS 
Figure 2 depicts the TICs of TMS derivatives of the non-saponifiable lipids in the 
burnt and unburnt soil coarse (1-2 mm) and fine (<0.05 m) fractions. All the samples 
showed similar profiles dominated by C27 to C29 sterols and triterpenols, and less 
abundant n-alkan-1-ols in the C14 to C28 range and n-alkanes in the C17 to C30 range. 
The phytosterols β-sitosterol, stigmastanol, friedelan-3-one and lanosterol were 
the most abundant ones (Table 8). Sitosterol is the main sterol in soils under oak 
canopy (Bull et al., 2000). The high concentrations of phytosterols confirm the main 
vegetative origin (vascular plants) of the organic matter in all soil size fractions. 
The homologous series of n-alkan-1-ols and n-alkanes were studied using 
characteristic ions (m/z = 103 and 57 respectively) (Figure 33B, C, Figure 34 and 
Figure 35). Among the other compounds detected were ketones, aldehydes, and 
trace amounts of unknowns (Table 8). The relative abundance for n-alkan-1-ols in 
burnt and unburnt soils are shown in (Figure 33B). The n-alkan-1-ols series had a 
clear even over odd predominance, maximizing between C22 and C28. The unburnt 
bulk sample had a unimodal distribution with maxima at C22 and C24, whereas in the 
burnt bulk sample the maxima are at C22 and C26 and show a clear C24 depletion. 
Unburnt size fractions display a similar pattern as the bulk soil (unimodal 
distribution, maximizing at C22-C24) but the finest size fraction had maximum at C28. 
Unburnt coarse fraction (1-2 mm) showed the maximum at C24, whereas, the 
medium/fine fractions (0.05 - 0.5 mm) showed it at C22. This is in line with the 
known dominance of C24 n-alkan-1-ol in soil organic matter under oak canopy (Bull 
et al., 2000). The maximum at C22 showed in medium/fine fractions (<0.5 mm) may 
point to a more mature organic material (Bull et al., 2000). The maximum at C28 
found in the fine fraction (<0.05 mm) suggest a contribution of an inherited organic 
matter pool dominated by grass or Rubus biomass (C26 and C28 n-alkan-1-ols  
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Figure 2. GC/MS total ion chromatogram (TIC) of non-saponifiable lipid extracted 
from the unburnt and burnt coarse (1-2 mm) and fine (<0.05 mm) fractions. The 
numbers on the peaks corresponds to the compounds listed in Table 8. 
Chromatograms normalized to n-hexadecanoic acid (C16 peak) (peak 5, Table 8). 
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Table 8: Non-saponifiable lipid compounds (TMS derivates) identified by GC/MS 
in soil sample extracts 
Peak Identification Familya 
1 (Z,E)-2-methyloctadec-7-ene Alkane 
2 Methyl α-D-ribofuranoside Sugar 
3 (7E,Z)-7-Tetradecen-1-ol Alkanol 
4 6,10,14-trimethylpentadecan-2-one K+A 
5 n-hexadecanoic acid (Palmitic Acid) FA 
6 (2E,7R,11R)-3,7,11,15-Tetramethyl-2-hexadecen-1-ol (Phytol) Isop 
7 n-Octadecanoic acid (Stearic Acid) FA 
8 Eicos-3-ene Alkane 
9 Tetracosanal K+A 
10 5-methyl-5-(4,8,12-trimethyltridecyl)oxolan-2-one Isop 
11 Eicosan-1-ol Alkanol 
12 Heneicos-1-ene Alkane 
13 Dodecanal K+A 
14 n-Eicosanoic acid (Arachidic Acid) FA 
15 2-Octyldecyl butyrate FA 
16 Tricos-1-ene Alkane 
17 Tricosanal K+A 
18 Docosan-1-ol Alkanol 
19 Tetracosane Alkane 
20 Tetracosanal K+A 
21 n-Docosanoic acid (Behenic Acid) FA 
22 Hexacos-9-ene Alkane 
23 Hexacosane Alkane 
24 Tetracosan-1-ol Alkanol 
25 Docosanamide N-comp 
26 n-Tetracosanoic acid (Lignoceric Acid) FA 
27 Heptacos-1-ene Alkane 
28 Heptacosane Alkane 
29 Octacosane Alkane 
30 Hexacosan-1-ol Alkanol 
31 γ-Tocopherol Sterol 
32 13-Methylhentriacontane Alkane 
33 7-Dehydrodiosgenin Sterol 
34 Dotriacontane Alkane 
35 Cholesterol) Sterol 
36 Anthraergostatetraenol benzoate Sterol 
37 D:A-Friedoolean-6-ene Sterol 
38 Campesterol Sterol 
39 A`Neogammacer-22(29)-en-3-one Sterol 
40 β-Sitosterol Sterol 
41 Sigmastanol Sterol 
42 Lupeol Sterol 
43 Friedelan-3-one  Sterol 
44 Friedelan-3-one Sterol 
45 Lupeol Sterol 
46 Lanosterol Sterol 
47 D:A-Friedooleanan-28-al, 3-oxo Sterol 
a Alkane, n-alkane and n-alkene; Sugar, polysaccharide-derived compound; Alkanol, n-alkan-1-ol; 
K+A, ketone and aldehyde; N-Comp, nitrogen containing compound; Isop, Isoprenoid. 
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Figure 34. Ion chromatogram (m/z = 103) showing the distribution of n-alcan-1-
ols in the non-saponifiable lipids extracted from the unburnt and burnt coarse (1-
2 mm) and fine (<0.05 mm) fractions. Chromatograms are normalized to docosan-
1-ol (C22 peak). 
 
maximum, respectively) (Bull et al., 2000). In general fire caused a depletion in C22-
C24 n-alkan-1-ol and an increase of the C>24. This pattern may be related to the litter 
layer combustion, producing a breakdown long-chain compounds, increasing the 
shorter ones (Tinoco et al., 2006), followed by addition of charred biomass with a 
marked suberin lipids signature (Nierop, 1988). 
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The n-alkane distribution in the C17-C30 had a clear odd-over even predominance 
maximizing at C29 (Figure 33C and Figure 35). This n-alkane pattern is typical of 
higher plant epicuticular waxes (van Bergen et al., 1997; Bull et al., 2000). The fire 
appears to have affected differently the bulk and different particle size fractions.  
 
 
Figure 35. Ion chromatogram (m/z = 57) showing the distribution of n-alkanes in 
the non-saponifiable lipids extracted from the unburnt and burnt coarse (1-2 mm) 
and fine (<0.05 mm) fractions. Chromatograms are normalized to n-nonacosane 
(C29 peak).
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Bulk sample underwent a C29-depletion with an increase of short chain alkanes and 
in the particle size fractions were also an increase in short chains but with distinct 
effect on the C29 (increase in 1-2 mm and >0.05 mm samples). The short chain 
increase is related to the thermal cracking process originated by fire. Which has 
been observed in both natural and laboratory burning, using Py-GC/MS and GC/MS 
techniques (Tinoco et al., 2006; Jiménez-Morillo et al., 2016b). 
7.3.5 LIPID COMPOUNDS VS SOIL WR 
Principal components analysis (PCA) based on the bulk and molecular organic 
geochemical parameters and WDPT showed that soil water repellency is effectively 
correlated with the soil organic matter lipids content (Figure 36A; Table 9). The 
scatterplot of the loadings of PC-1 vs PC-2 defines three clusters. PC-1 had positive 
loadings from TFAs, TOC, EOM, WDPT, and the concentrations of C≥24 FAs (cluster-
I, with negative PC-2 loading), and negative loading for the ratio of saturated to 
unsaturated FAs (cluster-II). The high loadings in PC-1, indicate the WR is mainly 
determined by the primary lipid association. The relative abundance of long chain 
C≥24 fatty acids, which are the main component of EOM, as discussed previously, is 
responsible for the fire-induced increase of WR. Mao et al. (2015) found in sandy 
soils from the Netherlands that long-chain lipid components are significantly 
positively correlated with WR. Therefore, long chain fatty acid (C≥24) content could 
be considered as a suitable biomarker of WR in the sandy soils from Doñana 
National Park. PC-2 shows the positive association of sterols, n-alkan-1-ol, n-
alkanes, ketones+aldehydes, and isoprenoids (cluster-III), with a negative loading 
with WDPT. The PC-1 vs PC-2 scores of the bulk soil and particle size fractions 
samples define three clusters (Figure 36B; Table 10). Most fire-affected samples, 
excluding 1-2 mm fraction, define the cluster-1 in the middle of the chart, indicating 
a homogenizing effect of fire on soil organic matter. The burnt coarse fraction and 
the extreme unburnt fractions (1-2, 0.5-1 and <0.05 mm) form cluster-2, which 
relative high PC-1 scores. These fractions most probably bear relevant information 
about the bulk soil organic matter, fire-effects on lipids and soil WR. The unburnt 
bulk and medium-size fractions (cluster-3), with negative PC-1 scores provide little 
(or no) information on soil functionality and effect of fire. 
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Table 9: Principal component analysis (PCA). Loadings of variables. 
Variablea PC-1 PC-2 
WDPT 0.49 -0.26 
TFAs 0.96 -0.16 
TOC 0.87 -0.20 
EOM 0.55 -0.42 
C≥24 FAs 0.27 -0.11 
S/U -0.42 0.08 
Isoprenoids 0.11 0.89 
K+A 0.28 0.90 
n-alkanes 0.28 0.92 
n-alkan-1-ols 0.45 0.82 
Sterols 0.58 0.70 
a WDPT, water drop penetration time; TFAs, total fatty acids; TOC, total organic carbon; EOM, 
extractable organic matter; C≥24 FAs, long chain fatty acids; S/U, ratio of saturated to unsaturated 
fatty acids; K+A, ketones and aldehydes.  
 
 
Table 10: Principal component analysis (PCA). Loadings of soils and size fractions 
 Unburnt Burnt 
Sample PC-1 PC-2 PC-1 PC-2 
Bulk -0.80 0.46 0.15 0.60 
1-2 mm 1.78 -1.29 1.26 -0.56 
0.5-1 mm 0.70 -0.26 0.65 0.50 
0.25-0.5 mm -0.92 1.29 -0.02 0.38 
0.1-0.25 mm -2.02 -2.49 -0.26 0.12 
0.05-0.1 mm -0.98 1.07 -0.25 0.45 
<0.05 mm -0.13 -0.75 0.81 0.49 
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Figure 36. Principal components analysis (PCA). A) Loadings of variables (WDPT, 
water drop penetration time; TFAs, total fatty acids; TOC, total organic carbon; 
EOM, extractable organic matter; C≥24 FAs, long chain fatty acids; S/U, ratio of 
saturated to unsaturated fatty acids; K+A, ketones and aldehydes); B) Loadings of 
soil samples and size fractions (burnt with red and unburnt with blue markers). 
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The research carried out in this PhD Thesis aims to deepen the knowledge about 
the impacts caused by forest fires in soil organic matter and its relation with the 
modifications in the hydrophobicity of the soil. Aiming to this objective, we used 
advanced complementary molecular analysis techniques for the comparative study 
of sandy soils of the Doñana National Park, affected or not by forest fires. The 
results discussed above allow us to obtain the following conclusions. 
Fractions of organic matter that regulate water repellency in sandy soils of the 
Doñana National Park 
 Although with very similar physicochemical characteristics, the studied 
soils showed different persistence of soil water repellency (SWR) 
depending on the dominant vegetation; severe in soils under cork oaks, 
strong in soils under Eagle fern and pines, and light in soils under rockrose. 
 The persistence of SWR increased with soil organic matter content (SOM), 
but significant differences were detected between the different 
granulometric fractions. 
 The finer sieve fraction (<0.05 mm) contains the highest proportion of SOM 
under all vegetation types studied, also showing the highest degree of 
water repellency. 
 In the larger sieve fractions (1-2 mm), long-chained fatty acids and maturity 
of the organic matter may condition the severity of SWR. These results 
suggest that only certain components of the lipid fraction of the soils are 
related to the hydrophobicity they present. 
 The molecular structure of SOM under ferns and pines showed similar 
characteristics. Both systems are related by i) the presence of inherited 
organic matter in soils under ferns, probably from previous pine 
communities, or ii) contributions of organic material associated with fine 
particles from adjacent pine forest areas. 
The effect of fire on soil carbon and hydrogen stable isotope composition. Bulk 
soil and particle size fractions 
 The isotopic carbon composition depends largely on the maturity of SOM. 
The finer fractions presented a greater proportion of the heavy carbon 
isotope, probably due to greater microbial activity and intensity of 
alteration of organic matter. The coarser fractions present a carbon 
isotopic composition close to the values of vegetal biomass (leaves) 
indicating a weak alteration of associated organic matter. 
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 The differences found in the isotopic composition of hydrogen indicate the 
existence of at least two different compartments of water in the soil. In 
general, a light composition is found in the coarser fractions, close to that 
of the biomass, and indicates predominance of poorly altered biomass. 
Medium and fine fractions show a heavier isotopic composition, enriched 
in deuterium, which may preferentially reflect the isotopic signature of the 
soil water, not of biomass. 
 Generally, fire contributed to an increase in heavy carbon (Δ13C between 
0.6 and 1.5 ‰), both in the bulk soil samples and in sieve size fractions. This 
is due to contributions of charred biomass, mostly from cork residues. 
 Fire also produced fractionation of the isotopic composition of hydrogen, 
as enrichment in thick fractions (> 0.5 mm) may be due to partially burnt 
biomass (leaves), with larger sizes enriched in deuterium and depletion in 
finer fractions (<0.5 mm) which may be due to changes in soil water inputs 
after vegetation decline, decreased abundance of roots and root depth, or 
the influence of fine particle inputs from deuterium-depleted cork. 
Fire effect in the molecular structure of soil organic matter fractions under 
Quercus suber cover 
 Fire produced an increase in carbon content and C/N ratio, both in the bulk 
soil and in the coarse and fine fractions, which is explained as an input of 
fresh residues after the fire, ash and charred material. 
 Direct analytical pyrolysis (Py-GC / MS) of bulk soil samples shows that SOM 
from unburnt soils is mostly formed by lignocellulose (polysaccharides and 
lignin) and proteins, whereas in the burnt soil, lignin-derived compounds 
contribute with pyrogenic material (PAHs). 
 SOM from the coarse unburnt fraction (1-2 mm) is clearly influenced by 
vegetation. In contrast, SOM from the fine fraction (<0.05 mm) is more 
transformed, with abundance of microbial compounds (polypeptides) and 
a higher proportion of aromatic compounds that can be derived from lignin 
demethoxylation. 
 SOM from the coarse burnt fraction (1-2 mm) includes post-fire plant 
material, probably from senescent fire-affected vegetation. On the other 
hand, organic matter from the fine fraction (<0.05 mm), shared chemical 
characteristics with its unburnt counterpart. In this case, however, 
additional imprint of alteration by fire; reduction of thermally labile 
structures (carbohydrates), thermal cracking and change of the odd normal 
trend of long-chained n-alkanes and a high relative abundance of PAHs 
were observed. 
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 Atomic proportions of H/C and O/C of pyrolysis compounds in van 
Krevelen’s diagram were used to obtain additional information on the main 
mechanisms of chemical modification produced by fire in different organic 
matter fractions. Fire produced oxidation and hydrogenation in the bulk 
soil and the fine fraction and oxidation and dehydrogenation in the coarse 
fraction. 
Ultra-high resolution broadband mass spectrometry (FT-ICR/MS) study of 
physical speciation patterns of organic matter in fire-affected soils 
 Up to 7450 unique molecular formulas were identified in SOM. Among 
them, more than 2700 consisted of compounds formed by carbon, 
hydrogen and oxygen, with the coarse fractions showing the largest 
number of compounds. For the analysis of these large data set, van 
Krevelen’s diagrams were especially useful for monitoring the different 
transformations exerted by fire. 
 The unburnt coarse sieve fraction was conditioned by fresh material 
(lignocellulosic biomass), while the molecular analysis of organic matter 
from the unburnt fine sieve fraction showed a high relative proportion of 
microbial compounds compatible with comparatively advanced 
humification stages. 
 The study of the coarse sieve fraction of burnt soil shows modifications of 
the molecular composition of SOM caused by reduction, destruction of 
oxygenated functional groups (hydroxyl and carboxyl) with no apparent 
alteration of the aromatic structures. 
 On the other hand, the study of the burnt fine sieve fraction confirms the 
existence of two different compartments of carbon. One from microbial 
activity and the other from an exogenous addition of partially burnt 
material. 
 Wildfire effects on lipid composition and hydrophobicity of bulk soil and 
particle size fractions 
 The study of soil free lipids in the different sieve fractions highlights the 
existence of two well-defined organic matter pools: an important 
contribution of fresh biomass to the coarser fractions and more processed 
and humified organic materials in the fine fractions. 
 Fire affects both the amount of free lipids in the soil, through the 
incorporation of compounds derived from partially burnt exogenous 
biomass. 
 Intensity of SWR was related to the amount (TOC, EOM and TFAs), the 
quality of free lipids, and with the relative long-chained fatty acid content 
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(C≥24), as found by direct soil pyrolysis (chapter 3). In contrast, non-
saponifiable lipid compounds (isoprenoids, n-alkanes, n-alcohols, ketones, 
aldehydes and sterols) showed no association with soil hydrophobicity. 
 The positive correlation between soil water repellency and long-chained 
fatty acids (C≥24) - previously observed in scientific literature for the same 
soil types - confirms that these compounds can be used as biomarkers 
subrogated to hydrophobicity in sandy soils. 
Final considerations 
 Results support the hypothesis that fire modifies both SOM quantity and 
quality, either by contributions of partially burnt or senescent, by 
transformations of previously existing compounds in new chemical 
structures or by generation of new compounds during combustion. Some 
of these additions/modifications may lead to new compounds or 
alterations in the isotopic composition, with high value as tracers and 
subjected to different effects of fire on soils. 
 To our knowledge, this is the first study on the effects of forest fires on the 
isotope composition of hydrogen from biomass, soil and soil organic 
matter. This work also describes the first application of ultra-high 
resolution mass spectrometry (ESI-FT-ICR / MS) to the study of structural 
changes associated with patterns of micro-compartmentalization of SOM, 
as well as to shed light on the most relevant geochemical changes produced 
after a forest fire. 
 Due to the great chemical diversity and heterogeneity of SOM, which may 
respond differently to the impact of fire, the interest of additional studies 
dealing with carbon, nitrogen and hydrogen isotope composition from 
specific compounds, the use of advanced instrumental equipment 
combining compound specific isotopic analysis and analytical pyrolysis 
techniques (Py-CSIA) must be highlighted. It would also be desirable to 
continue these studies with soils of greater chemical complexity and the 
inclusion of other edaphic variables. 
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La investigación llevada a cabo en esta tesis doctoral pretende profundizar en el 
conocimiento sobre los impactos causados por los incendios forestales en la 
materia orgánica y su relación con las modificaciones en la hidrofobicidad del suelo. 
Para ello empleamos técnicas avanzadas complementarias de análisis molecular 
para el estudio comparado de suelos arenosos del Parque Nacional de Doñana, 
afectados o no por incendios forestales. Los resultados discutidos anteriormente 
permiten obtener las siguientes conclusiones. 
Fracciones de la materia orgánica que regulan la repelencia al agua en suelos 
arenosos del Parque Nacional de Doñana 
 Los diferentes suelos estudiados, aunque con características físicoquímicas 
muy parecidas, mostraron distinta persistencia de la repelencia al agua en 
el suelo (RAS) dependiendo de la vegetación predominante; severa en 
suelos bajo Quercus suber, fuerte bajo Pteridium aquilinum y Pinus pinea, 
y ligera bajo Halimium halimifolium. 
 La persistencia de la RAS aumentó con el contenido de materia orgánica en 
el suelo (MOS), pero se detectaron diferencias significativas entre las 
diferentes fracciones granulométricas.  
 La fracción más fina (<0.05 mm) contiene la mayor proporción de MOS bajo 
todas las vegetaciones estudiadas, mostrando también los valores más 
altos de hidrofobicidad. 
 En las fracciones más gruesas (1-2 mm), los ácidos grasos de cadena larga, 
junto con el estado de madurez estimado de la materia orgánica que 
contienen, parece tener influencia sobre el grado de persistencia de la RAS. 
Estos resultados sugieren que sólo determinados componentes de la 
fracción lipídica de los suelos están relacionados con la hidrofobicidad que 
presentan. 
 La estructura molecular de la MOS bajo vegetación de Pteridium aquilinum 
y Pinus pinea, presentaron características similares lo que indica que ambos 
sistemas están relacionados mediante i) presencia de una materia orgánica 
heredada en el suelo bajo Pteridium aquilinum, proveniente de vegetación 
anterior de pinos o ii) aportes de material orgánico asociado a partículas 
finas desde áreas colindantes de pinar. 
Efecto del fuego sobre la composición isotópica de carbono e hidrógeno en el 
suelo. Suelos enteros y fracciones granulométricas 
 La composición isotópica de carbono depende en gran medida del grado 
de madurez de la materia orgánica del suelo (MOS). Las fracciones finas 
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presentaron una mayor proporción del isótopo de carbono pesado, 
probablemente debido a una mayor actividad microbiana y al mayor grado 
de alteración de la materia orgánica. Las fracciones gruesas presentan una 
composición isotópica de carbono cercana a los valores de la biomasa 
vegetal (hojas) indicando que la materia orgánica que contienen está poco 
alterada. 
 Las diferencias encontradas en la composición isotópica de hidrógeno 
indica la existencia de al menos dos compartimentos diferentes de agua en 
el suelo. En general se encuentra una composición ligera en las fracciones 
gruesas, cercana a la de la biomasa y que indica predominancia de biomasa 
poco alterada. Las fracciones medias y finas muestran una composición 
isotópica más pesada, enriquecida en deuterio, y que puede reflejar 
preferentemente la firma isotópica del agua del suelo, no de la biomasa. 
 El fuego produjo un enriquecimiento general de carbono pesado (∆13C 
entre 0.6 y 1.5‰), tanto en el suelo entero, como en cada una de las 
fracciones granulométricas. Esto puede reflejar aportes de biomasa 
parcialmente quemada principalmente de suberina del corcho. 
 El fuego produjo también fraccionamiento en la composición isotópica de 
hidrógeno. Enriquecimiento en fracciones gruesas (>0.5 mm) que puede 
deberse a aportes de biomasa (hojas) parcialmente quemada, con tamaños 
mayores y enriquecidas en deuterio. Empobrecimiento en las fracciones 
finas (<0.5 mm) que puede deberse a modificaciones en los aportes hídricos 
al suelo debido a la disminución de la vegetación y a la profundidad y 
número de raíces o a la influencia de los aportes de partículas finas de 
corcho quemado empobrecido en deuterio. 
Efecto del fuego en la estructura molecular de fracciones de materia orgánica de 
un suelo bajo cubierta de Quercus suber  
 El fuego produjo un incremento en el contenido de carbono y en la 
proporción C/N, tanto en suelo completo, como en las fracciones gruesa y 
fina, lo cual, se interpreta como una incorporación de biomasa nueva 
después del fuego, partículas de ceniza y material parcialmente quemado. 
 La pirolisis analítica (Py-GC/MS) directa de suelos completos muestra que 
en suelos sin quemar la MOS tiene un carácter lignocelulósico 
(polisacáridos y lignina) y proteico, mientras que en el suelo quemado 
predomina los compuestos derivados de lignina con contribución de 
material pirogénico (PAHs). 
 La MOS de la fracción no quemada gruesa (1-2 mm) presenta una clara 
influencia de la vegetación, mientras que la de la fracción fina (<0.05 mm) 
está más transformada, con abundancia de compuestos microbianos 
CONCLUSIONES 
175 
(polipéptidos) y mayor proporción relativa de compuestos aromáticos que 
pueden proceder de la desmetoxilación de ligninas. 
 La MOS de la fracción quemada gruesa (1-2 mm) indica la existencia de un 
aporte de material vegetal tras el incendio, probablemente proveniente de 
la vegetación senescente afectada por el fuego. Por su parte, la materia 
orgánica en la fracción quemada fina (<0.05 mm), compartió características 
químicas con su homóloga no quemada, pero con la impronta adicional de 
la alteración por fuego; reducción de las estructuras térmicamente lábiles 
(carbohidratos), rotura (craking) térmica y cambio de la tendencia normal 
impar de n-alcanos de cadena larga y una alta abundancia relativa de PAHs. 
 La representación de las proporciones atómicas H/C y O/C de los 
compuestos de pirólisis en un diagrama de van Krevelen se utilizó para 
obtener información adicional sobre los principales mecanismos de 
modificación química producidos por el fuego en distintas fracciones de la 
MOS. Para el suelo total y la fracción fina, el fuego produjo procesos de 
oxidación e hidrogenación. En la fracción gruesa el fuego produjo procesos 
de oxidación y deshidrogenación. 
Espectrometría de masas de ultra-alta resolución (FT-ICR/MS). Estudio de 
patrones de especiación en fracciones físicas de la materia orgánica en suelos 
afectados por incendios 
 Se identificaron hasta 7450 fórmulas moleculares únicas en la MOS. De 
esas, más de 2700 consistieron en compuestos formados por carbono, 
hidrógeno y oxígeno, siendo las fracciones gruesas las que mostraron la 
mayor cantidad de compuestos. Para el análisis de estas amplias 
colecciones de datos, los diagramas de van Krevelen fueron especialmente 
útiles para monitorizar las diferentes transformaciones ejercidas por el 
fuego. 
 La fracción gruesa sin quemar mostró una clara influencia de material 
fresco (biomasa lignocelulósica), mientras que la composición molecular de 
la fracción fina no quemada mostró una alta proporción relativa de 
compuestos microbianos compatible con etapas de humificación 
comparativamente avanzadas. 
 El estudio de la fracción gruesa del suelo quemado, muestra modificaciones 
de la composición molecular de la MOS causadas por reacciones de 
reducción, eliminación preferencial de grupos funcionales oxigenados 
(hidroxilo y carboxilo) sin alteración aparente de las estructuras 
aromáticas. 
 Por otro lado, el estudio de la fracción fina quemada confirma la existencia 
de los dos compartimentos diferentes de carbono; uno proveniente de la 
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actividad microbiana y otro de una adición exógena de material 
parcialmente quemado. 
Efectos de un incendio sobre la composición lipídica y la hidrofobicidad de un 
suelo y sus fracciones granulométricas 
 El estudio de los lípidos libres del suelo en las diferentes fracciones 
granulométricas muestra nuevamente la existencia de dos acervos de 
materia orgánica bien definidos; una contribución importante de biomasa 
fresca en las fracciones gruesas y de materiales orgánicos más procesados 
y humificados en las fracciones finas. 
 El fuego afecta tanto la calidad como la cantidad de lípidos libres del suelo, 
mediante la incorporación de compuestos provenientes de biomasa 
exógena parcialmente quemada. 
 La intensidad de la RAS se correlacionó con la cantidad (TOC, EOM y TFAs) 
y con la calidad de los lípidos libres, y con el contenido relativo de ácidos 
grasos de cadena larga (C≥24), como también se encuentra mediante 
pirólisis directa del suelo (capítulo 3). Por el contrario, los compuestos 
lipídicos no-saponificables (isoprenoides, n-alcanos, n-alcoholes, cetonas, 
aldehídos y esteroles) no mostraron asociación con la hidrofobicidad del 
suelo.  
 La correlación positiva entre la repelencia al agua en el suelo y los ácidos 
grasos de cadena larga (C≥24)  - previamente observados en otros trabajos 
con el mismo tipo de suelo- confirma que éstos compuestos pueden ser 
usados como biomarcadores subrogados a la hidrofobicidad en suelos 
arenosos. 
Consideraciones finales 
 Los resultados obtenidos apoyan la hipótesis de que el fuego produce un 
efecto doble en la MOS, modificando tanto su cantidad como su calidad, 
bien por aportes de vegetación parcialmente quemada o senescente, 
transformando compuestos ya existentes en nuevas estructuras químicas 
o generando nuevos compuestos durante la combustión. Algunas de esas 
adiciones o modificaciones pueden dar lugar a compuestos nuevos o 
alteraciones en la composición isotópica, con alto valor como trazador y 
sujetos a distintos efectos del fuego sobre los suelos. 
 Hasta donde sabemos, este es el primer estudio sobre los efectos de los 
incendios forestales en la composición de isótopos de hidrógeno de 
biomasa, suelo y materia orgánica del suelo. Este trabajo describe además 
la primera aplicación de la técnica de espectrometría de masas de ultra-alta 
resolución (ESI-FT-ICR/MS) para el estudio de los cambios estructurales 
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asociados a patrones de micro-compartimentación de la MOS, así como 
para clarificar los cambios geoquímicos más relevantes producidos después 
de un incendio forestal.  
 Debido a la gran diversidad química y heterogeneidad de la MOS, que 
puede responder de manera diferente a los efectos del fuego, se hace 
hincapié en el interés de estudios adicionales que se ocupen de la 
composición isotópica de carbono, nitrógeno e hidrógeno de compuestos 
específicos utilizando equipo instrumental avanzado que combina el 
análisis isotópico de compuestos específicos y técnicas de pirólisis analítica 
(Py-CSIA). También sería deseable continuar estos estudios con suelos de 
mayor complejidad química y la inclusión de otras variables edáficas. 
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Table A1. Relative quantification (%) and Identification of chemical compounds 
inferred from Py-GC/MS analysis of unburnt bulk soil and coarse and fine 
fractions (1-2 and <0.05 mm, respectively).  
RT* Compound Familya Bulk 
(%) 
1-2 
mm 
(%) 
<0.05 
mm 
(%) 
2.26 Pyridine P 5.80 2.39 5.40 
2.37 Toluene A 5.53 3.09 5.89 
2.49 Pyrrolidine, 2-butyl-1-methyl- P 3.18 1.39 2.69 
2.57 Furfural S n.d. 3.54 1.15 
2.58 Furan-3-carboxaldehyde S 1.85 n.d. n.d. 
2.64 Pyridine, 4-methyl- P n.d. n.d. 1.00 
2.72 Furfural S 5.98 n.d. 5.09 
2.80 1H-Pyrrole, 2-ethyl- P n.d. 1.05 2.16 
2.83 2,5-Furandione S 2.26 n.d. n.d. 
2.97 o-Xylene A n.d. 2.17 n.d. 
2.98 Pyridine, 3-methyl- P 3.55 n.d. 3.36 
3.07 4-Cyclopentene-1,3-dione S n.d. 0.67 1.28 
3.09 4(1H)-Pyrimidinone P 1.47 n.d. n.d. 
3.18 Styrene A 2.47 1.04 2.70 
3.32 Pyran, dihydro- S 2.44 1.26 2.18 
3.39 Cyclopentanone, 2-methyl- S 1.31 n.d. n.d. 
3.39 1H-Imidazole-2-methanol P n.d. n.d. 1.16 
3.40 2(3H)-Furanone, 5-methyl- S n.d. 1.41 n.d. 
3.52 2(3H)-Furanone, dihydro-3-methylene- S n.d. 0.68 n.d. 
3.52 2H-Pyran-2-one, 5,6-dihydro- S n.d. n.d. 1.50 
3.53 3-Pentenal, 4-methyl- Ald 1.58 n.d. n.d. 
3.63 2-Pyridinecarboxaldehyde P 0.75 n.d. 0.69 
3.68 Benzeneacetaldehyde A n.d. n.d. 0.82 
3.73 5 Methyl furfural S 2.58 1.98 2.51 
3.78 2-Cyclopenten-1-one, 3-methyl- S 0.89 n.d. 0.79 
3.84 Phenol A 2.59 1.66 2.72 
3.91 1H-Pyrrole-2,5-dione S 2.59 n.d. 3.25 
4.05 Methyl Hydantoin P 2.64 2.25 2.32 
4.16 1H-Pyrrole-2-carboxaldehyde S n.d. n.d. 0.83 
4.34 2-Cyclopenten-1-one, 2-hydroxy-3-methyl- S 1.93 0.77 1.02 
4.36 D-Limonene Isop n.d. 2.22 n.d. 
4.37 1H-Pyrazole, 3-methyl- P n.d. n.d. 0.58 
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RT* Compound Familya Bulk 
(%) 
1-2 
mm 
(%) 
<0.05 
mm 
(%) 
4.48 Cyclohexene, 1,2-dimethyl- Alk n.d. 1.19 n.d. 
4.48 S comp S comp 0.77 n.d. n.d. 
4.49 Vinylcyclooctane Alk n.d. n.d. 0.61 
4.55 Benzaldehyde, 2-hydroxy- Ald 0.91 n.d. 0.79 
4.59 Phenol, 3-methyl- A 0.89 0.98 0.96 
4.68 Ethanone, 1-(1H-pyrrol-2-yl)- S 1.04 n.d. 1.02 
4.78 Phenol, 4-methyl- A 3.67 2.51 3.80 
4.86 S comp S comp 1.42 n.d. n.d. 
4.86 2-Cyclohexen-1-one, 4-ethyl-3,4-dimethyl- S n.d. 0.49 n.d. 
4.87 S Comp S comp n.d. n.d. 1.28 
4.95 1-Undecene Alk 0.94 n.d. n.d. 
4.95 2,5-Dimethyl-4-hydroxy-3(2H)-furanone S n.d. 0.58 n.d. 
4.96 Cyclopropane, 1-methyl-2-pentyl- S n.d. n.d. 0.76 
5.00 Phenol, 2-methoxy- Lg 2.71 2.53 2.03 
5.21 1H-Pyrrolo[2,3-b]pyridine,1-methyl- P n.d. n.d. 0.44 
5.28 Maltol S 1.08 1.34 0.96 
5.38 2,5-Pyrrolidinedione P n.d. n.d. 0.66 
5.50 Phloroglucinol A n.d. 0.52 n.d. 
5.56 Benzyl nitrile N 0.98 0.46 1.13 
5.63 Phenol, 2,4-dimethyl- A n.d. 0.94 0.44 
5.75 Benzilaziridine P n.d. n.d. 1.26 
5.74 3(2)-Mercaptopentanal S comp 1.24 n.d. n.d. 
5.81 Benzoic acid A 2.08 n.d. 2.62 
5.76 1,3-Cyclopentanedione, 4-hydroxy-2-methyl- S n.d. 0.82 n.d. 
5.85 Phenol, 4-ethyl- A n.d. 0.85 n.d. 
5.98 Ethanone, 1-(3-methylphenyl)- S n.d. n.d. 0.61 
5.86 Phenol, 3,5-dimethyl- A n.d. 0.99 n.d. 
6.08 2-Dodecene, (Z)- Alk 0.53 n.d. 0.46 
6.12 Prehnitol A n.d. n.d. 1.21 
6.11 Octan-4-one S 1.51 n.d. n.d. 
6.15 Piperidine, 2,6-dimethyl-1-nitroso- P n.d. 1.25 n.d. 
6.19 Phenol, 2-methoxy-4-methyl- Lg 1.42 1.85 1.22 
6.32 Benzamine, 3-ethoxy N n.d. n.d. 0.67 
6.32 1H-Pyrazole, 4-ethyl-3,5-dimethyl- P 0.87 n.d. n.d. 
6.34 1,2-Benzenediol A n.d. 1.81 n.d. 
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6.39 1,4:3,6-Dianhydro-.alpha.-d-glucopyranose S 0.80 n.d. 0.69 
6.44 4-vinylphenol A n.d. n.d. 1.42 
6.43 Benzofuran, 2,3-dihydro- S 1.39 3.11 n.d. 
6.47 Benzenamine, 3-ethoxy- N 0.96 n.d. 0.93 
6.56 1H-Indazole 4,5,6,7-tetrahydro-7-methyl P n.d. 0.57 n.d. 
6.62 Cyclohexanone, 4-ethyl- S 0.81 n.d. 0.80 
6.64 3,4-Anhydro-d-galactosan S n.d. 0.62 n.d. 
6.68 2,4-Dimethoxytoluene Lg n.d. 0.77 n.d. 
6.78 Benzenepropanenitrile N 0.50 0.32 0.57 
6.90 Cyclohexaneethanol, .beta, 4-dimethyl-, trans- Alc n.d. n.d. 0.51 
6.89 8-Nonenoic acid FA 0.58 n.d. n.d. 
6.92 Verbenone Alk n.d. 0.64 n.d. 
6.98 Nonanoic acid FA 0.79 n.d. n.d. 
6.99 1,3,7-Octatriene, 3,7-dimethyl- Isop n.d. n.d. 0.64 
7.08 1,2-Benzenediol, 3-methoxy- P n.d. 1.42 n.d. 
7.07 Phytol Alk n.d. n.d. 0.53 
7.11 2-Methyl-5-hydroxybenzofuran S 0.55 n.d. n.d. 
7.12 2-Methyl-5-hydroxybenzofuran S n.d. n.d. 0.51 
7.23 Phenol, 4-ethyl-2-methoxy- Lg n.d. 0.91 n.d. 
7.29 1-Tridecene Alk 0.52 n.d. 0.44 
7.33 1H-Inden-1-one, 2,3-dihydro- P 0.46 0.54 n.d. 
7.43 1,2-Benzenediol, 4-methyl- A n.d. 0.62 n.d. 
7.34 1H-Inden-1-one, 2,3-dihydro- P n.d. n.d. 0.47 
7.45 Indole P 1.05 1.48 1.13 
7.67 2-Methoxy-4-vinylphenol Lg 1.58 3.77 0.99 
7.73 3-Thiopheneacetic acid S comp 0.77 n.d. n.d. 
7.74 Muconic acid Isop n.d. n.d. 0.76 
7.90 1-Cyclohexyl-2-methyl-prop-2-en-1-one S n.d. n.d. 0.22 
8.06 1-Tetradecene Alk n.d. n.d. 0.15 
8.11 Phenol, 2,6-dimethoxy- Lg 0.95 1.45 0.69 
8.19 Benzofuran, 7-methyl- S n.d. n.d. 0.34 
8.19 Phenol, 2-methoxy-4-(2-propenyl)- Lg 0.53 n.d. n.d. 
8.20 3-Allyl-6-methoxyphenol Lg n.d. 1.25 n.d. 
8.28 Phenol, 3,4-dimethoxy- Lg n.d. 0.49 n.d. 
8.32 Phenol, 2-methoxy-4-propyl- Lg n.d. 0.64 n.d. 
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8.34 10-hydroxydecanoic acid, methyl ester FA n.d. n.d. 0.27 
8.52 2-Tetradecene, (E)- Alk 0.75 0.84 n.d. 
8.53 Biphenyl PAH n.d. n.d. 0.58 
8.61 1H-Indole, 2-methyl- P 0.50 0.66 n.d. 
8.65 Acetamide, N-(4-hydroxyphenyl)- P 0.49 n.d. n.d. 
8.62 1H-Indole, 6-methyl- P n.d. n.d. 0.29 
8.66 3-Pyridinol, 6-methyl- P n.d. n.d. 0.40 
8.67 1,3,7,7Tetramethyl-2-oxa-bicyclo(4.4.0)Dec-5-en-4-one S n.d. 0.48 n.d. 
8.72 Benzene, 1,2,3-trimethoxy-5-methyl- Lg n.d. n.d. n.d. 
8.75 Vanillin Lg 1.10 0.91 0.58 
9.30 Alkene Alk n.d. n.d. 0.53 
9.33 Phenol, 2-methoxy-4-(1-propenyl)-, (E)- Lg 0.77 1.17 0.40 
9.09 Naphthalene, 2,6-dimethyl- PAH n.d. 0.43 n.d. 
9.28 Benzoic acid, 4-hydroxy-3-methoxy- Lg n.d. 1.19 n.d. 
9.73 1-Pentadecene Alk 1.32 n.d. 0.84 
9.34 Phenol, 2-methoxy-4-(1-propenyl)-, (E)- Lg n.d. 2.95 n.d. 
9.43 3(2H)-Benzofuranone, 2,7-dimethyl- S n.d. 1.16 n.d. 
9.72 Ethanone, 1-(2,4,6-trimethylphenyl)- A n.d. 1.12 n.d. 
9.80 Acetovanillone Lg 1.94 1.78 1.46 
9.98 1,6-Anhydro-.beta.-D-glucopyranose (levoglucosan) S n.d. 3.36 n.d. 
10.23 Ethanone, 1-(2,6-dihydroxy-4-methoxyphenyl) Lg n.d. 0.91 n.d. 
10.32 p-Ethylguaiacol Lg n.d. 0.51 n.d. 
10.47 2-Cycloheptylidenepropanedinitrile N n.d. 0.62 n.d. 
10.57 Dodecanoic acid FA n.d. 1.03 0.42 
10.68 2,5-Cyclohexadiene-1,4-dione, 2-(methoxymethyl)-3,5-
dimethyl- 
Lg 0.61 n.d. n.d. 
10.70 4-Methyl-2,5-dimethoxybenzaldehyde Lg n.d. 2.17 0.35 
10.72 3,4-Dimethoxy2-methylbenzaldehyde Lg n.d. n.d. n.d. 
10.90 1-Hexadecene Alk 0.36 0.41 0.53 
10.98 Ethamivan P n.d. 0.23 n.d. 
11.02 1H-Indene-3-carboxaldehyde, 2,6,7,7a-tetrahydro-1,5-
dimethyl- 
P n.d. 0.44 n.d. 
11.12 Phenol, 2,6-dimethoxy-4-(2-propenyl)- Lg n.d. 0.60 n.d. 
11.68 Phenol, 2,6-dimethoxy-4-(2-propenyl)- Lg n.d. 0.57 n.d. 
11.80 Benzaldehyde, 4-hydroxy-3,5-dimethoxy- Lg 0.44 0.61 0.34 
ANEXO 
229 
RT* Compound Familya Bulk 
(%) 
1-2 
mm 
(%) 
<0.05 
mm 
(%) 
11.89 Benzene, decyl- A n.d. n.d. 0.31 
12.02 1-Heptadecene Alk 0.51 n.d. 0.37 
12.03 Croweacin RA n.d. 0.57 n.d. 
12.11 Myristicine RA n.d. 0.41 n.d. 
12.22 Phenol, 2,6-dimethoxy-4-(2-propenyl)- Lg 0.24 0.99 n.d. 
12.40 Psoralene S 0.79 n.d. 1.03 
12.44 Cis-2methyl-7-octadecene Alk 0.58 1.61 0.56 
12.60 Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)- Lg 0.20 0.52 0.28 
12.78 Tetradecanoic acid FA n.d. 1.05 0.27 
13.10 Octadecene Alk 0.30 n.d. 0.28 
13.59 Neophytadiene Isop n.d. 0.58 n.d. 
13.66 Oxirane, decyl- Isop n.d. 0.42 n.d. 
14.13 1-Nonadecene Alk 0.52 0.14 0.34 
14.28 2-Octylfuran S 0.39 n.d. n.d. 
14.30 1H-Indene, 2-decyloctahydro- P n.d. n.d. 0.40 
14.77 5,10-Diethoxy-2,3,7,8-tetrahydro-1H,6H-dipyrrolo [1,2-
a,1´,2´-d]pyrazine 
P n.d. n.d. 0.26 
14.79 n-Hexadecanoic acid FA 0.71 1.76 0.82 
15.11 1-Eicosene Alk 0.28 0.15 0.24 
16.06 1-Heneicosene Alk 0.23 0.06 0.17 
16.49 Oleic Acid FA n.d. 0.18 n.d. 
16.96 1-Docosene Alk 0.31 0.08 0.26 
17.01 Docosane Alk n.d. 0.04 n.d. 
17.82 9-Tricosene, (Z)- Alk 0.17 0.08 0.14 
17.87 Tricosane Alk n.d. 0.08 n.d. 
18.65 1-Tetracosene Alk 0.20 0.12 0.18 
18.69 Tetracosane Alk n.d. 0.05 n.d. 
19.45 1-Pentacosene Alk 0.01 0.11 n.d. 
19.48 Pentacosane Alk n.d. 0.11 n.d. 
19.75 Alkene Alk 0.29 n.d. n.d. 
20.22 1-Hexacosene Alk 0.32 n.d. 0.31 
21.01 4H-1-Benzopyran-4-one, 2-(3,4-dimethoxyphenyl)-7-
hydroxy- 
St n.d. 0.43 n.d. 
22.39 Heptacosane Alk n.d. 0.27 0.36 
23.10 1-Octacosene Alk n.d. n.d. 0.28 
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23.89 1-Nonacosene Alk n.d. n.d. 0.36 
24.20 Stigmastan-3,5-dien St n.d. 0.55 n.d. 
25.80 D:A-Friedoolean-6-ene St n.d. 0.11 n.d. 
* Retention time (min, RT) 
a Unspecific aromatic compounds (A); Peptide (P); Polysaccharides (S); Fatty Acid (FA); n-alkane, n-
alkene, isoprenoid (Alk), Aldehyde (Ald); n-Alkan-1-ol (Alc); Sterol (St); Ketone (K); Nitrogen 
compounds (N); Sulphur compounds (S comp); Lignin (Lg); Polycyclic aromatic hydrocarbons (PAH). 
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2.27 Pyridine P 2.28 0.55 3.39 
2.38 Toluene A 2.24 0.91 4.29 
2.45 3-Pentanamine P n.d. 0.98 n.d. 
2.48 2-AminoOxazole P n.d. n.d. 1.97 
2.51 Pyridine P 1.24 0.45 n.d. 
2.58 Furfural S 0.93 0.60 n.d. 
2.66 Pyridine, 4-methyl- P 0.21 n.d. n.d. 
2.72 Furfural S 2.42 2.65 4.83 
2.83 1H-Pyrrole, 3-methyl- P 0.87 n.d. 1.65 
2.89 2-Furanmethanol S n.d. 0.73 n.d. 
2.92 p-Xylene A 0.40 n.d. n.d. 
2.97 Pyridine, 4-methyl- P 1.22 n.d. 2.56 
3.08 1-Nonene Alk n.d. n.d. 0.96 
3.09 4-cyclopentene-1,3-dione S 0.61 0.59 n.d. 
3.18 Styrene A 0.97 0.70 1.99 
3.29 1-(3H-Imidazol-4-yl)-ethanone P 0.72 n.d. n.d. 
3.31 Dihydropyran S n.d. n.d. 1.65 
3.39 2,3-2H-4-Methyl-imidazole-2-one P n.d. n.d. 0.98 
3.41 1,2-Cyclopentanedione S 1.02 n.d. n.d. 
3.49 Pyridine, 2,5-dimethyl- P n.d. n.d. 0.46 
3.43 2(5H)-Furanone S 0.72 1.40 0.74 
3.51 2-Cyclohexen-1-ol  S n.d. 1.84 n.d. 
3.49 Pyridine, 2,5-dimethyl- P 0.26 n.d. 0.48 
3.59 2-Hexenal Ald n.d. 0.59 n.d. 
3.63 Pyridine,2-methoxy P 0.33 n.d. n.d. 
3.66 2-Butanone,3,3-dimethyl- K 0.30 n.d. n.d. 
3.68 Benzene, propyl- A n.d. n.d. 0.65 
3.69 3-Hexanone S n.d. 0.42 n.d. 
3.73 Benzaldehyde Ald n.d. n.d. 2.02 
3.74 2-Furancarboxaldehyde, 5-methyl- S 0.75 1.42 n.d. 
3.79 2-Cyclopenten-1-one, 3-methyl- S 0.69 n.d. n.d. 
ANEXO 
232 
RT* Compound Familya Bulk 
(%) 
1-2 
mm 
(%) 
<0.05 
mm 
(%) 
3.92 Phenol A 2.16 1.86 2.63 
3.93 1H-Pyrrole-2,5-dione P n.d. n.d. 2.03 
4.09 3-Pyrazolidinone, 1,4-dimethyl P 2.12 n.d. n.d. 
4.06 2,4-Imidazolidinedione, 3-methyl P n.d. n.d. 2.02 
4.16 3-Methylhydantoin P n.d. 2.10 n.d. 
4.16 1H-Pyrrole-2-carboxaldehyde P n.d. n.d. 0.63 
4.29 2-Furancarboxylic acid S 0.97 n.d. n.d. 
4.40 2-Cyclopenten-1-one, 2-hydroxy-3-methyl- S 1.17 2.77 0.71 
4.29 N comp N n.d. n.d. 0.35 
4.35 2-Cyclopenten-1-one, 2-hydroxy-3-methyl- S n.d. n.d. 1.28 
4.50 S comp S comp 0.61 n.d. 0.61 
4.56 Benzaldehyde, 2-hydroxy- A n.d. 0.82 0.54 
4.63 Phenol, 2-methyl- A 0.95 0.92 0.99 
4.69 Ethanone, 1-(1H-pyrrol-2-yl)- S n.d. n.d. 0.74 
4.71 2-hydroxy-5,5-dimethylcyclopent-2-en-1-one S n.d. 0.48 n.d. 
4.79 1-Phenyl-1-ethanone S 0.35  n.d. 
4.85 Phenol, 4-methyl- A 2.39 2.10 2.84 
4.88 N comp N n.d. n.d. 1.01 
4.93 3,5-Dihydroxytoluene A n.d. 0.67 n.d. 
4.95 1-Undecene Alk n.d. n.d. 0.74 
5.03 Phenol, 2-methoxy- Lg 3.25 4.40 2.04 
5.15 Branched alkane Alk 0.55 n.d. n.d. 
5.21 Isoborneol S n.d. n.d. 0.48 
5.21 Benzene, 1-methoxy-2-methyl Lg 0.41 1.35 n.d. 
5.33 Maltol S 0.92 0.92 0.95 
5.37 2-Cyclopenten-1-one, 3-ethyl-2-hydroxy- S 0.33 n.d. n.d. 
5.42 1H-Indene, octahydro-, cis- P n.d. n.d. 1.11 
5.49 3-Hydroxy-2-methyl-1,3-hexadien-5-one K n.d. n.d. 0.65 
5.58 Benzyl nitrile N 0.78 n.d. 0.89 
5.59 2H-Pyran-3(4H)-one, dihydro-6-methyl- S n.d. 1.59 n.d. 
5.66 Phenol, 2,4-dimethyl- A 0.72 0.69 0.54 
5.75 1H-Indene, 1-methyl- P 0.61 n.d. n.d. 
5.76 Benzene, pentyl- A n.d. n.d. 1.19 
5.81 Piperidine, 4-methyl-1-nitroso- P 0.72 0.59 n.d. 
5.88 Phenol, 4-ethyl- A 1.17 n.d. 0.79 
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5.88 Benzoic acid A n.d. n.d. 2.11 
5.92 1,3-Dimethyl-3,4,5,6-tetrahydro-2(1H)-pirimidinone P n.d. 2.03 n.d. 
5.97 Octanoic acid FA 0.45 n.d. n.d. 
5.98 Ethanone, 1-(2.methylphenyl)- A n.d. n.d. 0.66 
6.03 2-Methoxy-5-methylphenol Lg 0.42 n.d. n.d. 
6.05 Phenol, 2-methoxy-3-methyl- Lg n.d. 0.75 n.d. 
6.08 1-Dodecene Alk 0.40 n.d. 0.61 
6.13 2.iso-Amyl isovalerate Alk n.d. n.d. 0.91 
6.21 Phenol, 2-methoxy-4-methyl- Lg 2.95 4.58 1.18 
6.28 1,4:3,6-Dianhydro-.alpha.-d-glucopyranose S 0.63 n.d. n.d. 
6.31 4-H-Pyran-4-one, 5-hydroxy-2-(hydroxymethyl)- S n.d. 1.00 n.d. 
6.41 1,2-Benzenediol A n.d. 1.82 n.d. 
6.41 1H-Indazole,5,7-dimethyl- P 0.52 n.d. n.d. 
6.41 1,4:3,6-Dianhydro-.alpha.-d-glucopyranose S n.d. n.d. 0.51 
6.45 4-vinylphenol $$ p-vinylphenol Lg n.d. n.d. 2.01 
6.53 Benzofuran, 2,3-dihydro- S 2.69 1.59 n.d. 
6.58 1,4:3,6-Dianhydro-.alpha.-d-glucopyranose S n.d. 0.93 n.d. 
6.63 3-Acetamidofuran P n.d. n.d. 0.73 
6.69 Methoxyethylphenol Lg 0.52 0.70 n.d. 
6.73 Phenol, 2-ethyl-6-methyl- A 0.42 n.d. n.d. 
6.76 2-Furancarboxaldehyde, 5-(hydroxymethyl)- S n.d. 1.01 n.d. 
6.79 Benzenepropanenitrile N 0.56 n.d. 0.56 
6.85 2,3-Dimethoxytoluene Lg 0.59 n.d. n.d. 
6.94 Phenol, 4-(2-propenyl)- A n.d. 0.65 n.d. 
6.98 Ethanone, 1-(4-Hydroxyphenyl)- S 0.46 n.d. n.d. 
7.00 Pyridine-2-carboxylicamide P n.d. n.d. 0.72 
7.02 Acetaldehyde, (3,3-dimethylcyclohexylidene) Ald n.d. 0.41 n.d. 
7.07 S comp S comp n.d. n.d. 0.64 
7.08 Picolinamide P 0.63 n.d. n.d. 
7.14 2-Methyl-5-hydroxybenzofuran S n.d. 1.34 0.57 
7.15 1,2-Benzenediol, 3-methoxy- Lg 1.18 n.d. n.d. 
7.20 1H-Indole, 1-methyl- P n.d. n.d. 0.44 
7.25 Phenol, 4-ethyl-2-methoxy- Lg 1.11 1.98 0.38 
7.29 1-Tridecene Alk 0.37 n.d. 0.63 
7.34 1H-Inden-1-one, 2,3-dihydro- P 0.59 0.42 0.62 
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7.39 Phenol, 2-(2-propenyl)- A n.d. 0.47 n.d. 
7.39 Tridecane Alk 0.39 n.d. 0.37 
7.50 Indole P 1.43 n.d. 1.13 
7.50 1,2-Benzenediol, 4-methyl- A n.d. 1.11 n.d. 
7.52 Naphthalene, 1-methyl- PAH n.d. n.d. 0.51 
7.63 4-allylphenol A n.d. 0.54 n.d. 
7.71 2-Methoxy-4-vinylphenol Lg 4.21 6.30 1.10 
7.74 2,4-Hexadienedioic acid FA n.d. n.d. 1.00 
7.78 Imidazole, 2-acetamino-5-methyl P 1.02 n.d. n.d. 
7.91 1,4,5,6-Tetramethyl-2-pyrimidone P n.d. n.d. 0.56 
7.97 Phenol,4-(2-propenyl)- A n.d. 1.18 0.29 
8.06 Cyclopropane, 1,1-dimethyl-2-nonyl- Alk n.d. n.d. 0.38 
8.06 Cyclohexanamine, N-cyclohexyl-N-methyl P n.d. n.d. n.d. 
8.14 Phenol, 2,6-dimethoxy- Lg 1.57 0.58 1.00 
8.20 Benzofuran, 2-methyl- S n.d. n.d. 0.47 
8.22 Eugenol Lg 1.13 1.68 n.d. 
8.25 Benzene, heptyl A n.d. n.d. 0.57 
8.30 Phenol, 2-methoxy-5-(1-propenyl)-, (E)- Lg n.d. 0.38 n.d. 
8.33 Phenol, 2-methoxy-4-propyl-  Lg 0.70 0.64 n.d. 
8.34 L-Glucose, 6-deoxy-3-O-methyl- S n.d. n.d. 0.63 
8.39 Benzaldehyde, 2-hydroxy- Ald n.d. 0.67 n.d. 
8.47 1,3-Benzenediol A 0.41 n.d. n.d. 
8.52 1-Tetradecene Alk 0.54 0.19 1.01 
8.63 1H-Indole, 3-methyl- P 0.69 1.07 0.64 
8.67 2(1H)-Pyridinone,5-methyl- P n.d. n.d. 0.83 
8.80 Vanillin Lg 1.15 n.d. 0.74 
8.85 Benzaldehyde, 3-hydroxy-4-methoxy- Lg n.d. 4.80 n.d. 
8.84 Phenol, 2-methoxy-4-(2-propenyl)- Lg 1.66 0.25 0.72 
8.96 4-Hydroxyimino-4,5,6,7-tetrahydrobenzofurazan S n.d. n.d. 0.24 
9.04 Naphthalene, 1,4-dimethyl- PAH n.d. n.d. 0.49 
9.17 Pyridine, 2-methoxy-5-nitro- P n.d. n.d. 0.35 
9.30 1(2H)- Naphthalenone, 3,4-dihydro- PAH n.d. n.d. 0.75 
9.31 3-Hydroxy-4-methoxybenzoic acid Lg 1.05 n.d. n.d. 
9.36 Phenol, 2-methoxy-4-(1-propenyl)-, (E)- Lg 2.43 4.32 0.66 
9.44 2(equat)-Methyl-Trans-decahydroquinol-4-one P n.d. n.d. 0.56 
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9.45 1,4-Dihydro-5,8-dihydroxynaphthalene PAH 0.42 n.d. n.d. 
9.47 Benzene, 2-cyclopropyl-1-methoxy-4-methyl Lg n.d. 0.47 n.d. 
9.52 1H-Isoindole-1,3(2H)-dione P n.d. n.d. 1.00 
9.60 Pyridine, 5-ethenyl-2-methyl- P n.d. 0.49 n.d. 
9.74 4-Methyl-2-(2´-methyl-1´-propeneyl)phenol A 1.01 n.d. 0.54 
9.74 1-Pentadecene Alk n.d. n.d. 0.64 
9.86 Ethanone, 1-(4-hydroxy-3-methoxyphenyl)- Lg 2.50 0.79 n.d. 
9.87 Ethanone, 1-(4-hydroxy-3-methoxyphenyl)- Lg n.d. 2.53 1.13 
9.99 1,6-Dihydroxynaphthalene PAH 0.48 n.d. 0.48 
9.92 Anhydrosugar S n.d. n.d. 0.56 
10.01 1,6-Dihydroxynaphthalene PAH n.d. 0.23 n.d. 
10.17 Vanillic acid, methyl ester Lg 0.56 0.74 0.62 
10.23 Naphthalene, 6-(1,1-dimethylethyl)-1,2,3,4-tetrahydro- PAH n.d. n.d. 0.43 
10.24 2,3,5-Trimethoxytoluene Lg 0.58 n.d. n.d. 
10.29 d-Allose S 0.36 n.d. n.d. 
10.30 Vanillin Lg n.d. 0.38 n.d. 
10.32 N compund P n.d. n.d. 0.27 
10.36 Phenol, 4-ethyl-2-methoxy- Lg 1.14 n.d. n.d. 
10.37 Benzeneacetic acid, 4-hydroxy-3-methoxy Lg n.d. 1.50 n.d. 
10.43 Anhydrosugar S 0.33 1.39 n.d. 
10.44 L-Glutamic acid P n.d. n.d. 0.44 
10.48 Cyclododecane Alk n.d. n.d. 0.32 
10.50 Sedoheptulosan S n.d. 0.65 n.d. 
10.60 Dodecanoic acid FA 0.44 n.d. 0.57 
10.70 2,6-Dimethyl-3-(methoxymethyl)-p-benzoquinone Lg n.d. n.d. 0.41 
10.72 4-Methyl-2,5-dimethoxybenzaldehyde Lg 2.07 0.91 n.d. 
10.90 3-Hydroxy-4-methoxybenzoic acid Lg n.d. 0.85 n.d. 
10.90 1-Hexadecene Alk 0.42 n.d. 0.69 
10.95 Propiovanillone Lg 0.55 0.64 n.d. 
10.99 Hexadecane Alk n.d. n.d. 0.28 
11.00 Benzoic acid, 4-hydroxy-3-methoxy-, ethyl ester Lg n.d. 0.58 n.d. 
11.13 Phenol, 2,6-dimethoxy-4-(2-propenyl)- Lg 0.64 0.38 0.26 
11.42 N compound P n.d. 0.30 n.d. 
11.50 2,5-Cyclohexadiene-1,4-dione, 3-methoxy-2-methyl-5-(1-
methylethyl)- 
S 0.32 n.d. n.d. 
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11.64 2,6,10-Dodecatrien-1-ol, 3,7,11-trimethyl- Alc n.d. 0.61 n.d. 
11.70 Phenol, 2,6-dimethoxy-4-(2-propenyl)- Lg 0.98 n.d. n.d. 
11.70 Benzeneacetic acid, .alpha.-hydroxy-2-methoxy- Lg n.d. 0.79 n.d. 
11.83 Benzaldehyde, 4-hydroxy-3,5-dimethoxy- Lg 0.59 0.58 n.d. 
11.90 Farnesol Alk 0.33 n.d. n.d. 
11.91 2-Naphthalenol, 3-methoxy- PAH n.d. 0.24 n.d. 
11.98 4-((1E)-3-Hydroxy-1-propenyl)-2-methoxyphenol Lg n.d. 0.37 n.d. 
12.03 1-Heptadecene Alk n.d. n.d. 0.41 
12.04 Scopoletin Cumarine 1.10 n.d. n.d. 
12.11 Heptadecane Alk n.d. n.d. 0.22 
12.25 Phenol, 2,6-dimethoxy-4-(2-propenyl)- Lg 1.27 0.33 0.13 
12.41 Psoralene S n.d. n.d. 0.56 
12.42 N-Phenyl-N´-Furaldehyde hydrazone N 1.06 n.d. n.d. 
12.42 2-methoxy-1,4-dimethyl-naphthyl-naphthalene PAH n.d. 0.44 n.d. 
12.45 Cyclopropane, 1-methyl-2-octyl- Alk n.d. n.d. 0.41 
12.53 Benzofuran, 2-methyl- S n.d. 0.08 0.09 
12.64 Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)- Lg 0.71 n.d. 0.20 
12.73 4-((1E)-3-Hydroxy-1-propenyl)-2-methoxyphenol (Coniferyl 
alcohol) 
Lg 0.49 2.35 n.d. 
12.80 Tetradecenoic Acid FA 0.44 n.d. 0.19 
13.02 3,5-Dimethoxy-4-hydroxyphenylacetic acid Lg 0.44 n.d. n.d. 
13.10 2H-Inden-2-one, 1,3-dihydro-1,1,3,3-tetramethyl- P n.d. 0.40 n.d. 
13.10 1-Octadecene Alk 0.39 n.d. 0.36 
13.18 Octadecane Alk n.d. n.d. 0.14 
13.23 9,10-Ethanoanthracene, 9,10-dihydro- PAH 0.32 n.d. 0.14 
13.43 Pentadecanoic acid FA 0.37 0.15 0.12 
13.59 Neophytadiene Alk 0.41 n.d. n.d. 
13.58 1H-Indene-1,3(2H)-dione, 2-(2-methylpropylidene)- P n.d. 0.25 n.d. 
13.67 2-Pentadecanone,6,10,14-trimethyl- S 0.39 n.d. n.d. 
14.03 Bicycl[10.8.0]Eicosene Alk 0.36 n.d. 0.16 
14.14 1-Nonadecene Alk 0.36 0.16 0.44 
14.20 Nonadecane Alk n.d. 0.10 0.18 
14.25 Hexadecanenitrile N n.d. n.d. 0.12 
14.28 Barbituric acid, 1-alkyl-5,5-diethyl- P 0.37 n.d. n.d. 
14.29 2-Octylfuran S n.d. n.d. 0.26 
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14.46 Cyclopentadecanone, 2-hydroxy- S n.d. n.d. 0.17 
14.64 Pyrrolo [1,2-a] pyrazine-1,4-dione, hexahydro-3-(2-
methylpropyl)- 
P n.d. n.d. 0.20 
14.66 Branched alkene Alk 0.46 n.d. n.d. 
14.77 Sterane St n.d. n.d. 0.30 
14.77 9-Hexadecenoic acid FA 1.09 0.25 n.d. 
14.86 n-Hexadecanoic acid FA 1.49 0.43 0.72 
14.98 Farnesol Alk n.d. 0.16 n.d. 
15.18 1-Eicosene Alk 0.20 0.11 0.38 
15.18 Eicosane Alk n.d. n.d. 0.18 
15.82 Dodecane, 1-cyclopentyl-4-(3-cyclopentylpropyl) Alk 0.24 n.d. n.d. 
16.06 1-Heneicosene Alk 0.30 0.09 0.21 
16.11 Heneicosane Alk 0.18 n.d. 0.10 
16.70 Octadecanoic acid FA n.d. 0.06 n.d. 
16.96 1-Docosene Alk 0.23 0.09 n.d. 
17.01 Docosane Alk 0.22 0.07 n.d. 
17.78 Branched alkane Alk 0.11 n.d. 0.04 
17.82 9-Tricosene, (Z)- Alk 0.15 0.06 0.23 
17.87 Tricosane Alk 0.11 0.08 0.13 
18.66 1-Tetracosene Alk 0.17 n.d. 0.31 
18.69 Tetracosane Alk 0.09 n.d. 0.14 
18.95 Nandrolone St n.d. 0.03 n.d. 
19.45 1-Pentacosene Alk 0.14 n.d. 0.24 
19.49 Pentacosane Alk 0.08 n.d. 0.16 
20.22 1-Hexacosene Alk 0.10 n.d. 0.44 
20.25 Hexacosane Alk 0.07 n.d. n.d. 
20.99 Heptacosane Alk 0.24 n.d. 0.27 
21.69 Branched alkane Alk 0.09 n.d. 0.35 
22.40 Branched alkane Alk 0.19 0.11 n.d. 
22.82 Sterane St n.d. 0.16 n.d. 
24.21 Stigmastan-3,5-diene St 0.25 0.09 n.d. 
26.51 Stigmasterol, 22,23-dihydro- St 0.16 n.d. n.d. 
29.77 Friedelan-3-one St 0.22 n.d. n.d. 
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* Retention time (min, RT) 
a Unspecific aromatic compounds (A); Peptide (P); Polysaccharides (S); Fatty Acid (FA); n-alkane, n-
alkene, isoprenoid (Alk), Aldehyde (Ald); n-Alkan-1-ol (Alc); Sterol (St); Ketone (K); Nitrogen 
compounds (N); Sulphur compounds (S comp); Lignin (Lg); Polycyclic aromatic hydrocarbons (PAH). 
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(#poss), oxygen vs carbon atomic ratio (O/C), hydrogen vs carbon atomic ration 
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(DBE/C) and Kendrick mass defect value of oxygen (KMD O) for the for the 414 
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Exact mass Formula #poss O/C H/C DBE DBE/C KMD O 
323.22278 C19H32O4 1 0.21 1.68 4 0.21 0.53 
326.99938 C12H8O11 1 0.92 0.67 9 0.75 0.55 
372.98373 C16H6O11 1 0.69 0.38 14 0.88 0.42 
405.03108 C14H14O14 1 1.00 1.00 8 0.57 0.48 
425.17583 C28H26O4 1 0.14 0.93 16 0.57 0.89 
449.13006 C18H26O13 1 0.72 1.44 6 0.33 0.35 
451.10933 C17H24O14 2 0.82 1.41 6 0.35 0.46 
451.21849 C2OH36O11 2 0.55 1.80 3 0.15 0.57 
455.01034 C17H12O15 1 0.88 0.71 12 0.71 0.60 
457.02599 C17H14O15 1 0.88 0.82 11 0.65 0.74 
464.99469 C18H10O15 1 0.83 0.56 14 0.78 0.21 
465.08859 C17H22O15 1 0.88 1.29 7 0.41 0.31 
467.01034 C18H12O15 1 0.83 0.67 13 0.72 0.36 
473.02091 C17H14O16 1 0.94 0.82 11 0.65 0.74 
475.03656 C17H16O16 1 0.94 0.94 10 0.59 0.89 
481.11989 C18H26O15 2 0.83 1.44 6 0.33 0.35 
483.00526 C18H12O16 2 0.89 0.67 13 0.72 0.36 
488.99469 C20H10O15 2 0.75 0.50 16 0.80 0.72 
489.18249 C18H34O15 2 0.83 1.89 2 0.11 0.92 
491.10424 C19H24O15 1 0.79 1.26 8 0.42 0.96 
499.03656 C19H16O16 1 0.84 0.84 12 0.63 0.39 
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501.10972 C17H26O17 3 1.00 1.53 5 0.29 0.60 
504.98961 C20H10O16 3 0.80 0.50 16 0.80 0.72 
507.09916 C19H24O16 2 0.84 1.26 8 0.42 0.96 
509.02091 C20H14O16 2 0.80 0.70 14 0.70 0.01 
515.03147 C19H16O17 3 0.89 0.84 12 0.63 0.39 
517.04712 C19H18O17 3 0.89 0.95 11 0.58 0.54 
519.00526 C21H12O16 3 0.76 0.57 16 0.76 0.62 
519.06277 C19H20O17 4 0.89 1.05 10 0.53 0.68 
519.17193 C22H32O14 3 0.64 1.45 7 0.32 0.80 
519.20831 C23H36O13 2 0.57 1.57 6 0.26 0.83 
523.03656 C21H16O16 3 0.76 0.76 14 0.67 0.90 
525.01582 C20H14O17 4 0.85 0.70 14 0.70 0.01 
527.03147 C20H16O17 4 0.85 0.80 13 0.65 0.15 
529.04712 C20H18O17 4 0.85 0.90 12 0.60 0.29 
533.07842 C20H22O17 5 0.85 1.10 10 0.50 0.58 
535.00017 C21H12O17 4 0.81 0.57 16 0.76 0.62 
535.03656 C22H16O16 3 0.73 0.73 15 0.68 0.66 
539.03147 C21H16O17 4 0.81 0.76 14 0.67 0.90 
541.04712 C21H18O17 4 0.81 0.86 13 0.62 0.05 
543.17193 C24H32O14 3 0.58 1.33 9 0.38 0.30 
551.03147 C22H16O17 4 0.77 0.73 15 0.68 0.66 
553.04712 C22H18O17 4 0.77 0.82 14 0.64 0.80 
555.02639 C21H16O18 6 0.86 0.76 14 0.67 0.90 
555.06277 C22H2OO17 5 0.77 0.91 13 0.59 0.94 
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557.04204 C21H18O18 6 0.86 0.86 13 0.62 0.05 
561.01582 C23H14O17 4 0.74 0.61 17 0.74 0.27 
567.02639 C22H16O18 5 0.82 0.73 15 0.68 0.66 
567.06277 C23H20O17 5 0.74 0.87 14 0.61 0.70 
569.04204 C22H18O18 6 0.82 0.82 14 0.64 0.80 
571.05769 C22H20O18 6 0.82 0.91 13 0.59 0.94 
575.03147 C24H16O17 4 0.71 0.67 17 0.71 0.17 
579.06277 C24H20O17 6 0.71 0.83 15 0.63 0.45 
581.07842 C24H22O17 5 0.71 0.92 14 0.58 0.59 
583.05769 C23H20O18 7 0.78 0.87 14 0.61 0.70 
583.09407 C24H24O17 6 0.71 1.00 13 0.54 0.73 
585.07334 C23H22O18 7 0.78 0.96 13 0.57 0.84 
587.03147 C25H16O17 5 0.68 0.64 18 0.72 0.92 
589.04712 C25H18O17 5 0.68 0.72 17 0.68 0.06 
591.02639 C24H16O17 7 0.75 0.67 17 0.71 0.17 
591.06277 C25H20O17 6 0.68 0.80 16 0.64 0.20 
593.07842 C25H22O17 6 0.68 0.88 15 0.60 0.35 
595.03656 C27H16O16 4 0.59 0.59 20 0.74 0.43 
595.05769 C24H20O18 8 0.75 0.83 15 0.63 0.45 
597.05221 C27H18O16 4 0.59 0.67 19 0.70 0.57 
597.07334 C24H22O18 7 0.75 0.92 14 0.58 0.59 
599.08899 C24H24O18 7 0.75 1.00 13 0.54 0.73 
601.04712 C26H18O17 5 0.65 0.69 18 0.69 0.82 
603.02639 C25H16O18 7 0.72 0.64 18 0.72 0.92 
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603.06277 C26H20O17 6 0.65 0.77 17 0.65 0.96 
605.04204 C25H18O18 7 0.72 0.72 17 0.68 0.06 
607.05769 C25H22O18 8 0.72 0.80 16 0.64 0.20 
609.07334 C25H22O18 8 0.72 0.88 15 0.60 0.35 
609.10972 C26H26O17 7 0.65 1.00 14 0.54 0.38 
611.03147 C27H16O17 5 0.63 0.59 20 0.74 0.43 
611.05260 C24H20O19 8 0.79 0.83 15 0.63 0.45 
611.06786 C28H20O16 4 0.57 0.71 19 0.68 0.47 
613.04712 C27H18O17 5 0.63 0.67 19 0.70 0.57 
613.06825 C24H22O19 7 0.79 0.92 14 0.58 0.59 
613.10464 C25H26O18 8 0.72 1.04 13 0.52 0.63 
613.21379 C28H38O15 5 0.54 1.36 10 0.36 0.75 
615.08390 C24H24O19 7 0.79 1.00 13 0.54 0.73 
617.04204 C26H18O18 7 0.69 0.69 18 0.69 0.82 
617.07842 C27H22O17 6 0.63 0.81 17 0.63 0.85 
619.03656 C29H16O16 4 0.55 0.55 22 0.76 0.94 
619.05769 C26H20O18 7 0.69 0.77 17 0.65 0.96 
619.09407 C27H24O17 5 0.63 0.89 16 0.59 1.00 
621.03695 C25H18O19 7 0.76 0.72 17 0.68 0.06 
621.05221 C29H18O16 6 0.55 0.62 21 0.72 0.08 
621.07334 C26H22O18 8 0.69 0.85 16 0.62 0.10 
621.08859 C30H22O15 6 0.50 0.73 20 0.67 0.12 
621.10972 C27H26O17 6 0.63 0.96 15 0.56 0.14 
623.03147 C28H16O17 5 0.61 0.57 21 0.75 0.18 
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623.05260 C25H20O19 8 0.76 0.80 16 0.64 0.20 
623.08899 C26H24O18 8 0.69 0.92 15 0.58 0.24 
625.06825 C25H22O19 7 0.76 0.88 15 0.60 0.35 
625.10464 C26H26O18 9 0.69 1.00 14 0.54 0.38 
625.14102 C27H30O17 7 0.63 1.11 13 0.48 0.42 
625.22905 C33H38O12 3 0.36 1.15 15 0.45 0.52 
627.06277 C28H20O17 6 0.61 0.71 19 0.68 0.47 
627.22944 C29H40O15 6 0.52 1.38 10 0.34 0.64 
629.04204 C27H18O18 7 0.67 0.67 19 0.70 0.57 
629.07842 C28H22O17 6 0.61 0.79 18 0.64 0.61 
629.09955 C25H26O19 8 0.76 1.04 13 0.52 0.63 
633.03695 C26H18O19 7 0.73 0.69 18 0.69 0.82 
633.05221 C30H18O16 5 0.53 0.60 22 0.73 0.83 
633.07334 C27H22O18 9 0.67 0.81 17 0.63 0.85 
633.10972 C28H26O17 6 0.61 0.93 16 0.57 0.89 
635.05260 C26H20O19 6 0.73 0.77 17 0.65 0.96 
635.08899 C27H24O18 9 0.67 0.89 16 0.59 1.00 
635.12537 C28H28O17 7 0.61 1.00 15 0.54 0.04 
637.06825 C26H22O19 8 0.73 0.85 16 0.62 0.10 
637.08351 C30H22O16 6 0.53 0.73 20 0.67 0.12 
637.10464 C27H26O18 9 0.67 0.96 15 0.56 0.14 
639.09916 C30H24O16 7 0.53 0.80 19 0.63 0.26 
639.12029 C27H28O18 9 0.67 1.04 14 0.52 0.28 
641.06317 C25H22O20 8 0.80 0.88 15 0.60 0.35 
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641.07842 C29H22O17 7 0.59 0.76 19 0.66 0.36 
643.05769 C28H20O18 7 0.64 0.71 19 0.68 0.47 
643.09407 C29H24O17 7 0.59 0.83 18 0.62 0.50 
645.03695 C27H18O19 7 0.70 0.67 19 0.70 0.57 
645.07334 C28H22O18 8 0.64 0.79 18 0.64 0.61 
645.10972 C29H26O17 7 0.59 0.90 17 0.59 0.65 
647.08899 C28H24O18 7 0.64 0.86 17 0.61 0.75 
647.12537 C29H28O17 7 0.59 0.97 16 0.55 0.79 
649.06825 C27H22O19 8 0.70 0.81 17 0.63 0.85 
649.08351 C31H22O16 6 0.52 0.71 21 0.68 0.87 
649.10464 C28H26O18 7 0.64 0.93 16 0.57 0.89 
649.14102 C29H30O17 6 0.59 1.03 15 0.52 0.93 
651.26583 C32H44O14 4 0.44 1.38 11 0.34 0.19 
653.07842 C30H22O17 7 0.57 0.73 20 0.67 0.12 
653.09955 C27H26O19 9 0.70 0.96 15 0.56 0.14 
653.11481 C31H26O16 7 0.52 0.84 19 0.61 0.16 
655.09407 C30H24O17 7 0.57 0.80 19 0.63 0.26 
657.07334 C29H22O18 10 0.62 0.76 19 0.66 0.36 
657.10972 C30H26O17 8 0.57 0.87 18 0.60 0.40 
657.14611 C31H30O16 5 0.52 0.97 17 0.55 0.44 
657.21888 C33H28O4 4 0.42 1.15 15 0.45 0.52 
659.05260 C28H20O19 8 0.68 0.71 19 0.68 0.47 
659.08899 C29H24O18 9 0.62 0.83 18 0.62 0.50 
659.16176 C31H32O16 7 0.52 1.03 16 0.52 0.58 
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659.19814 C32H36O15 6 0.47 1.13 15 0.47 0.62 
663.08390 C28H24O19 8 0.68 0.86 17 0.61 0.75 
663.12029 C29H28O18 9 0.62 0.97 16 0.55 0.79 
665.06317 C27H22O20 8 0.74 0.81 17 0.63 0.85 
665.09955 C28H26O19 8 0.68 0.93 16 0.57 0.89 
667.09407 C31H24O17 8 0.55 0.77 20 0.65 0.01 
667.11520 C28H28O19 8 0.68 1.00 15 0.54 0.04 
669.07334 C30H22O18 9 0.60 0.73 20 0.67 0.12 
669.10972 C31H26O17 7 0.55 0.84 19 0.61 0.16 
669.14611 C32H30O16 5 0.50 0.94 18 0.56 0.19 
671.12537 C31H28O17 7 0.55 0.90 18 0.58 0.30 
673.06825 C29H22O19 10 0.66 0.76 19 0.66 0.36 
673.10464 C30H26O18 10 0.60 0.87 18 0.60 0.40 
673.14102 C31H30O17 8 0.55 0.97 17 0.55 0.44 
673.17741 C32H34O16 5 0.50 1.06 16 0.50 0.48 
683.16176 C33H32O16 7 0.48 0.97 18 0.55 0.09 
685.10464 C31H26O18 10 0.58 0.84 19 0.61 0.16 
687.12029 C31H28O18 9 0.58 0.90 18 0.58 0.30 
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Table A5. List of exact masses, elemental formulas, possible combinations 
(#poss), oxygen vs carbon atomic ratio (O/C), hydrogen vs carbon atomic ration 
(H/C), double bound equivalent (DBE), double bound equivalent vs carbon atoms 
(DBE/C) and Kendrick mass defect value of oxygen (KMD O) for the for the 193 
unique CHO formulas obtained by FT-ICR/MS in burnt coarse fraction (BCF). 
Exact mass Formula #poss O/C H/C DBE DBE/C KMD O 
277.07176 C14H14O6 1 0.43 1.00 8 0.57 0.48 
279.01464 C12H8O8 1 0.67 0.67 9 0.75 0.55 
281.24860 C18H34O2 1 0.11 1.89 2 0.11 0.92 
295.06120 C17H12O5 1 0.29 0.71 12 0.71 0.60 
297.07685 C17H14O5 1 0.29 0.82 11 0.65 0.74 
299.09250 C17H16O5 1 0.29 0.94 10 0.59 0.89 
307.06120 C18H12O5 1 0.28 0.67 13 0.72 0.36 
309.00408 C16H6O7 1 0.44 0.38 14 0.88 0.42 
321.04046 C18H10O6 1 0.33 0.56 14 0.78 0.21 
323.09250 C19H16O5 1 0.26 0.84 12 0.63 0.39 
325.10815 C19H18O5 1 0.26 0.95 11 0.58 0.54 
327.12380 C19H20O5 1 0.26 1.05 10 0.53 0.68 
331.15510 C19H24O5 1 0.26 1.26 8 0.42 0.96 
333.07685 C20H14O5 1 0.25 0.70 14 0.70 0.01 
335.09250 C20H16O5 1 0.25 0.80 13 0.65 0.15 
341.13945 C20H22O5 1 0.25 1.10 10 0.50 0.58 
345.04046 C20H10O6 1 0.30 0.50 16 0.80 0.72 
347.09250 C21H16O5 1 0.24 0.76 14 0.67 0.90 
349.10815 C21H18O5 1 0.24 0.86 13 0.62 0.05 
359.05611 C21H12O6 1 0.29 0.57 16 0.76 0.62 
359.09250 C22H16O5 1 0.23 0.73 15 0.68 0.66 
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361.10815 C22H18O5 1 0.23 0.82 14 0.64 0.80 
375.12380 C23H20O5 1 0.22 0.87 14 0.61 0.70 
377.13945 C23H22O5 1 0.22 0.96 13 0.57 0.84 
379.11871 C22H20O6 1 0.27 0.91 13 0.59 0.94 
385.07176 C23H14O6 1 0.26 0.61 17 0.74 0.27 
387.12380 C24H20O5 1 0.21 0.83 15 0.63 0.45 
393.13436 C23H22O6 1 0.26 0.96 13 0.57 0.84 
399.08741 C24H16O6 1 0.25 0.67 17 0.71 0.17 
403.11871 C24H20O6 1 0.25 0.83 15 0.63 0.45 
405.13436 C24H22O6 1 0.25 0.92 14 0.58 0.59 
407.15001 C24H24O6 1 0.25 1.00 13 0.54 0.73 
413.10306 C25H18O6 1 0.24 0.72 17 0.68 0.06 
415.11871 C25H20O6 1 0.24 0.80 16 0.64 0.20 
417.13436 C25H22O6 1 0.24 0.88 15 0.60 0.35 
425.10306 C26H18O6 1 0.23 0.69 18 0.69 0.82 
427.08233 C25H16O7 1 0.28 0.64 18 0.72 0.92 
427.11871 C26H20O6 1 0.23 0.77 17 0.65 0.96 
429.13436 C26H22O6 1 0.23 0.85 16 0.62 0.10 
431.15001 C26H24O6 1 0.23 0.92 15 0.58 0.24 
433.16566 C26H26O6 1 0.23 1.00 14 0.54 0.38 
437.13006 C17H26O13 1 0.76 1.53 5 0.29 0.60 
437.16058 C25H26O7 1 0.28 1.04 13 0.52 0.63 
441.09798 C26H18O7 1 0.27 0.69 18 0.69 0.82 
443.11363 C26H20O7 1 0.27 0.77 17 0.65 0.96 
ANEXO 
248 
Exact mass Formula #poss O/C H/C DBE DBE/C KMD O 
443.18640 C28H28O5 1 0.18 1.00 15 0.54 0.04 
445.12928 C26H22O7 1 0.27 0.85 16 0.62 0.10 
449.16058 C26H26O7 1 0.27 1.00 14 0.54 0.38 
451.18210 C19H32O12 1 0.63 1.68 4 0.21 0.53 
453.09798 C27H18O7 1 0.26 0.67 19 0.70 0.57 
453.26465 C28H38O5 1 0.18 1.36 10 0.36 0.75 
457.12928 C27H22O7 1 0.26 0.81 17 0.63 0.85 
457.16566 C28H26O6 1 0.21 0.93 16 0.57 0.89 
457.19266 C18H23O13 2 0.72 1.89 2 0.11 0.92 
459.14493 C27H24O7 1 0.26 0.89 16 0.59 1.00 
459.32685 C32H44O2 1 0.06 1.38 11 0.34 0.19 
461.16058 C27H26O7 1 0.26 0.96 15 0.56 0.14 
467.07724 C27H16O8 1 0.30 0.59 20 0.74 0.43 
467.10424 C17H24O15 1 0.88 1.41 6 0.35 0.46 
467.11363 C28H20O7 1 0.25 0.71 19 0.68 0.47 
467.28030 C29H40O5 1 0.17 1.38 10 0.34 0.64 
469.09289 C27H18O8 1 0.30 0.67 19 0.70 0.57 
469.12928 C28H22O7 1 0.25 0.79 18 0.64 0.61 
471.14493 C28H24O7 1 0.25 0.86 17 0.61 0.75 
473.16058 C28H26O7 1 0.25 0.93 16 0.57 0.89 
479.17114 C27H28O8 1 0.30 1.04 14 0.52 0.28 
481.08351 C17H22O16 1 0.94 1.29 7 0.41 0.31 
481.18679 C27H30O8 1 0.30 1.11 13 0.48 0.42 
483.07216 C27H16O9 1 0.33 0.59 20 0.74 0.43 
ANEXO 
249 
Exact mass Formula #poss O/C H/C DBE DBE/C KMD O 
485.12419 C28H22O8 1 0.29 0.79 18 0.64 0.61 
487.13984 C28H24O8 1 0.29 0.86 17 0.61 0.75 
489.15549 C28H26O8 1 0.29 0.93 16 0.57 0.89 
491.17114 C28H28O8 1 0.29 1.00 15 0.54 0.04 
495.07216 C28H16O9 2 0.32 0.57 21 0.75 0.18 
497.11481 C18H26O16 2 0.89 1.44 6 0.33 0.35 
497.12419 C29H22O8 1 0.28 0.76 19 0.66 0.36 
499.10346 C28H20O9 1 0.32 0.71 19 0.68 0.47 
499.13984 C29H24O8 1 0.28 0.83 18 0.62 0.50 
501.11911 C28H22O9 1 0.32 0.79 18 0.64 0.61 
501.15549 C29H26O8 1 0.28 0.90 17 0.59 0.65 
507.07216 C29H16O9 1 0.31 0.55 22 0.76 0.94 
509.08781 C29H18O9 1 0.31 0.62 21 0.72 0.08 
513.11911 C29H22O9 1 0.31 0.76 19 0.66 0.36 
515.19814 C20H36O15 2 0.75 1.80 3 0.15 0.57 
517.15041 C29H26O9 1 0.31 0.90 17 0.59 0.65 
519.16606 C29H28O9 1 0.31 0.97 16 0.55 0.79 
521.18171 C29H30O9 1 0.31 1.03 15 0.52 0.93 
523.06707 C29H16O10 2 0.34 0.55 22 0.76 0.94 
525.11911 C30H22O9 1 0.30 0.73 20 0.67 0.12 
529.11402 C29H22O10 2 0.34 0.76 19 0.66 0.36 
529.15041 C30H26O9 2 0.30 0.87 18 0.60 0.40 
535.16684 C22H32O15 4 0.68 1.45 7 0.32 0.80 
539.13476 C31H24O9 2 0.29 0.77 20 0.65 0.01 
ANEXO 
250 
Exact mass Formula #poss O/C H/C DBE DBE/C KMD O 
541.11402 C30H22O10 2 0.33 0.73 20 0.67 0.12 
543.12967 C30H24O10 2 0.33 0.80 19 0.63 0.26 
545.10894 C29H22O11 3 0.38 0.76 19 0.66 0.36 
545.14532 C30H26O10 4 0.33 0.87 18 0.60 0.40 
555.12967 C31H24O10 2 0.32 0.77 20 0.65 0.01 
557.10894 C30H22O11 4 0.37 0.73 20 0.67 0.12 
557.14532 C31H26O10 2 0.32 0.84 19 0.61 0.16 
559.12459 C30H24O11 3 0.37 0.80 19 0.63 0.26 
559.16097 C31H28O10 2 0.32 0.90 18 0.58 0.30 
561.14024 C30H26O11 3 0.37 0.87 18 0.60 0.40 
561.17662 C31H30O10 5 0.32 0.97 17 0.55 0.44 
563.19227 C31H32O10 4 0.32 1.03 16 0.52 0.58 
569.10894 C31H22O11 5 0.35 0.71 21 0.68 0.87 
571.12459 C31H22O11 3 0.35 0.77 20 0.65 0.01 
573.14024 C31H26O11 4 0.35 0.84 19 0.61 0.16 
577.17154 C31H30O11 5 0.35 0.97 17 0.55 0.44 
579.17780 C2OH36O19 5 0.95 1.80 3 0.15 0.57 
579.18719 C31H32O11 4 0.35 1.03 16 0.52 0.58 
585.06746 C30H18O13 3 0.43 0.60 22 0.73 0.83 
585.10385 C31H22O12 3 0.39 0.71 21 0.68 0.87 
587.11950 C31H24O12 5 0.39 0.77 20 0.65 0.01 
591.15080 C31H28O12 5 0.39 0.90 18 0.58 0.30 
601.09876 C31H22O13 5 0.42 0.71 21 0.68 0.87 
603.18719 C33H32O11 4 0.33 0.97 18 0.55 0.09 
ANEXO 
251 
Exact mass Formula #poss O/C H/C DBE DBE/C KMD O 
605.16645 C32H30O12 3 0.38 0.94 18 0.56 0.19 
615.17780 C23H36O19 5 0.83 1.57 6 0.26 0.83 
617.09368 C31H22O14 5 0.45 0.71 21 0.68 0.87 
619.18210 C33H32O12 6 0.36 0.97 18 0.55 0.09 
621.16136 C32H30O13 5 0.41 0.94 18 0.56 0.19 
635.10424 C31H24O15 6 0.48 0.77 20 0.65 0.01 
635.17701 C33H32O13 6 0.39 0.97 18 0.55 0.09 
641.18758 C32H34O14 6 0.44 1.06 16 0.50 0.48 
651.17193 C33H32O14 5 0.42 0.97 18 0.55 0.09 
657.18249 C32H34O15 5 0.47 1.06 16 0.50 0.48 
673.21379 C33H38O15 6 0.45 1.15 15 0.45 0.52 
675.19306 C32H36O16 6 0.50 1.13 15 0.47 0.62 
703.12108 C24H32O24 10 1.00 1.33 9 0.38 0.30 
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